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Abstract 
 
Multiwall carbon nanotubes (MWCNTs) base sensitive layers have 
been deposited onto different transducer substrates for gas sensing 
application. Oxygen plasma treated MWCNTs, so-called O-
MWCNTs, have been a building block for developing other gas 
sensitive nanomaterials. At first, O-MWCNTs were studied as 
resistive gas sensors. Volatile organic compounds (VOCs) such as 
benzene, toluene, ethanol, methanol and acetone were used to 
characterize this sensitive layer. The sensors showed good sensitivity 
and excellent baseline recovery in the presence of benzene or toluene 
vapors compared to the others tested VOCs. O-MWCNTs were 
studied as adsorbent nanomaterials deposited on PZT piezoelectric 
resonant cantilevers fabricated by multilayer screen-printing. In the 
second step, a modification of the top electrode to become an 
interdigitated electrode was implemented in order to have a sensor 
transducer employing two transduction mechanisms. This 
configuration allowed us to measure, for a single device, the 
resistance change of the carbon nanotube film and the resonance 
frequency shift of the PZT cantilever upon exposure to VOCs. The 
sensing properties of such systems have been studied for benzene, 
CO, and NO2 contaminants. Positive and negative shifts of the 
resonance frequency are observed at low and high gas concentrations, 
respectively. These are attributed to stress or to mass effects 
becoming dominant at low or high gas concentration levels. 
Monitoring the resistance of the p-type O-MWCNT film helps 
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discriminating gases/ vapours according to their oxidizing or reducing 
character. The interest of the double transduction has been 
demonstrated in the detection of CO. Finally, in front of the difficulty 
to detect benzene at low concentrations, a different approach based on 
the host-guest molecular recognition is proposed. To promote specific 
interaction toward benzene, quinoxaline-walled thioether-legged deep 
cavitand functionalized MWCNTs are used. The detection of 2.5 ppb 
of benzene in dry air is demonstrated with a limit of detection (LOD) 
near 600 ppt. 
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Resumen 
 
Capas sensibles basadas en nanotubos de carbono multi pared 
(MWCNTs) han sido depositadas sobre diferentes sustratos de 
transductores para su aplicación en sensores de gases. MWCNTs 
tratados con plasma de oxígeno, llamados O-MWCNTs, han sido el 
compuesto básico para el desarrollo de otros nanomateriales sensibles 
a gases. Primero, O-MWCNTs fueron estudiados como sensores de 
gas resistivos. Compuestos orgánicos volátiles (COVs) como 
benceno, tolueno, etanol, y acetona fueron usados para caracterizar 
esta capa sensible. Los sensores muestran una buena sensibilidad y 
una recuperación excelente de la línea de base en presencia de 
vapores de benceno o tolueno en comparación a otros COVs 
probados. O-MWCNTs fueron estudiados como nanomateriales 
adsorbentes depositados sobre micropalancas resonantes 
piezoeléctricas de PZT fabricadas por serigrafía multi-capa. En 
segundo término, una modificación del electrodo superior en forma 
de dos electrodos interdigitados fue implementada con el objetivo de 
obtener un elemento transductor capaz de implementar dos 
mecanismos de transducción. Esta configuración nos ha permitido 
medir, con un solo dispositivo, el cambio en la resistencia de la capa 
de los nanotubos de carbono y el desplazamiento de la frecuencia de 
resonancia de la micropalanca PZT bajo exposicion a los COVs. Las 
propiedades de detección de estos sistemas han sido estudiadas para 
los contaminantes benceno, CO y NO2. Desplazamientos positivos y 
negativos de la frecuencia de resonancia son observados a bajas y 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
 X 
 
altas concentraciones, respectivamente. Esto es atribuido a los efectos 
de estrés y de masa convirtiéndose en dominantes a bajos o altos 
niveles de concentración. Monitorizando la resistencia de la capa de 
los O-MWCNTs de tipo-p ayuda a discriminar los gases/vapores en 
acuerdo con sus caracteres oxidante o reductor. El interés de la doble 
transducción ha sido demostrado con la detección de CO. Finalmente, 
frente a la dificultad de detectar benceno a baja concentración, un 
enfoque diferente basado en el reconocimiento molecular "host-
guest" es propuesto. Para promover interacciones específicas hacia el 
benceno, los MWCNTs funcionalizados con un cavitando de tipo 
quinoxalina fueron empleados. Una detección de 2.5 ppb de benceno 
en aire seco es demostrado con un límite de detección (LOD) cerca de 
600 ppt. 
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Resum 
 
Capes de nanotubs de carboni de múltiples parets (MWCNTs)  s'han 
dipositat sobre diferents substrats transductors per a aplicacions de 
detecció de gasos. MWCNTs tractats amb plasma d'oxigen, 
anomenats O-MWCNTs, han estat un element fonamental per al 
desenvolupament de nanomaterials sensibles a diferents gasos. 
Inicialment, els O-MWCNTs es van estudiar com a element sensible 
en dispositius sensors de gasos de tipus resistiu. Els compostos 
orgànics volàtils (COV) com ara benzè, toluè, etanol, metanol i 
acetona es van utilitzar per a caracteritzar aquesta capa sensible. Els 
sensors van mostrar bona sensibilitat i excel·lent recuperació de la 
línia de base  en presència de vapors de benzè o toluè en comparació 
amb els altres VOCs estudiats. També, els O-MWCNTs es van 
estudiar com a nanomaterials adsorbents dipositats en micropalanques 
ressonants piezoelèctriques PZT fabricades per serigrafia. En un 
segon pas, es va modificar l'elèctrode superior per convertir-lo en 
interdigitat amb la finalitat d'obtenir un transductor que permetir 
emprar dos mecanismes de transducció. Aquesta configuració ens va 
permetre mesurar, per a un sol dispositiu, el canvi de resistència de la 
pel·lícula de nanotubs de carboni i el canvi de freqüència de 
ressonància de la micropalanca PZT després de l'exposició a 
compostos orgànics volàtils. Les propietats de detecció de tals 
sistemes han estat estudiades per contaminants com el benzè, CO i 
NO2. Canvis positius i negatius de la freqüència de ressonància 
s'observen en baixes i altes concentracions de gas, respectivament. 
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Aquests s'atribueixen a que l'estrès o els efectes de massa es fa 
dominant en nivells baixos o alts de concentració de gas. Mitjançant 
el signe del canvi de la resistència de la pel·lícula de O-MWCNT es 
poden discriminar els gasos o vapors d'acord al seu caràcter oxidant o 
reductor. L'interès de la doble transducció s'ha demostrat en la 
detecció de CO. Finalment, al davant de la dificultat per detectar 
benzè en concentracions baixes, s'ha seguit un enfocament diferent, 
basat en reconeixement molecular hoste-amfitrió. Per promoure la 
interacció específica cap al benzè, s'ha emprat un cavitant 
(quinoxalina) per  funcionalitzar els O- MWCNTs. La detecció de 2,5 
ppb de benzè en l'aire sec es demostra com a possible i el límit de 
detecció (LOD), es troba prop de 600 ppt. 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
 XIII 
 
Résumé 
 
Des couches sensibles à base de nanotubes de carbone multi parois  
(MWCNTs) ont été déposées sur différents substrats de transducteur 
pour une application de capteur de gaz. Les MWCNTs traités par 
plasma d’oxygène, appelés O-MWCNTs, ont été le composé de base 
pour le développement d’autres nanomatériaux sensible aux gaz. Tout 
d’abord, les O-MWCNTs furent étudiés comme capteur de gaz 
résistif. Des composés organiques volatiles (COVs) tel que le 
benzène, le toluène, l’éthanol et l’acétone ont été utilisés pour 
caractériser cette couche sensible. Les capteurs montrent une bonne 
sensibilité et une excellente récupération en présence de benzène ou 
toluène en comparaison aux autres COVs testés. Les O-MWCNTs 
furent étudiés également comme nanomatériaux adsorbant  déposés 
sur des micropoutres résonantes piézoélectrique de PZT fabriquées 
par sérigraphie multi couche. Dans un deuxième temps, une 
modification de l’électrode supérieure en deux électrodes 
interdigitées furent implantées avec l’objectif d’avoir un capteur 
capable de mettre en œuvre deux mécanismes de transduction. Cette 
configuration nous a permis de mesurer, avec un seul dispositif, le 
changement de la résistance de la couche de nanotubes de carbone et 
le déplacement de la fréquence de résonance de la micropoutre PZT 
sous exposition aux COVs. Les propriétés de détection de ces 
systèmes ont été étudiées pour les contaminants benzène, CO et NO2. 
Des déplacements positifs et négatifs de la fréquence de résonance 
sont observés à basse et à haute concentration, respectivement. 
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Mesurer en continue la résistance de la couche des O-MWCNTs de 
type-p aide à discriminer les gaz/vapeurs en accord avec leur 
caractère oxydant ou réducteur. L’intérêt de la double transduction a 
été démontré avec la détection de CO. Finalement, face à la difficulté 
de détecter le benzène à basse concentration, une approche différente 
basée sur la reconnaissance moléculaire « host-guest » est proposée. 
Afin de promouvoir des interactions spécifiques avec le benzène, les 
MWCNTs fonctionnalisés avec une molécule cavité de type 
quinoxaléine furent utilisés. Une détection de  2,5 ppb de benzène en 
air sec est démontrée avec une limite de détection (LOD) proche de 
600 ppt. 
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General introduction 
 
The detection of gases and (bio)chemical species with the help 
of miniaturized sensors is, nowadays, at the center of research efforts, 
especially for industrial applications (petro chemistry, aeronautic,  
transport, …), food quality control, disease diagnostic or air and 
water quality surveillance. Benzene, among other volatile organic 
compounds (VOCs) is recognized for its high toxicity, so its accurate 
detection is of paramount importance. In this domain, the use of 
resonant sensors is attracting interest and, very recently, sensor 
microsystems based on piezoelectric thick films alone or screen 
printed on silicon cantilevers are getting promising results. This thesis 
has as starting point the results of a previous project, which allowed 
the realization of a detection platform using screen-printed 
microcantilevers from piezoelectric material (PZT) to generate 
unusual, in-plane 31-longitudinal vibrations modes. To achieve a low 
detection limit (<ppm), microcantilevers were coated with different 
organic and inorganic adsorbing materials. The best results for a 
reversible detection of benzene at room temperature were obtained 
with active carbon. These interesting results push us, in the 
framework of this thesis, to continue optimizing the sensing platform 
in view of detecting very low benzene concentrations (few tens of 
ppb). Nevertheless, the previously used active carbon compounds 
lack of intrinsic selectivity and, therefore, have been replaced by 
carbon nanotubes. This nanomaterial offers the advantage of being 
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easily modified employing different strategies in order to obtain 
higher and more specific interaction with the toxic volatile target to 
be detected. Additionally, an improvement in the sensitivity and the 
viability of the detection platform is sought by optimizing the 
piezoelectric properties of the transducer. Finally, a modification will 
be brought to the platform in order to measure the conductivity of the 
sensitive layer additionally to the resonance frequency of the 
piezoelectric cantilever with the objective to improve selectivity. The 
manuscript of this thesis is divided in five chapters as follows: 
Chapter I presents a general description related to the risks of 
benzene exposure with the presentation of the conventional analytical 
techniques for monitoring the environment. Then, it reviews the latest 
technologies used in gas sensing devices and focuses in benzene 
detection. 
Chapter II describes, at first, the fabrication of the transducers 
used for the gas sensing application considered in this Thesis. Then, 
an experimental section describes how transducers are coated with the 
active layer. Finally the study of the design and fabrication of the test 
chamber with the different coupled elements for the gas sensing 
characterization is presented. 
Chapter III gives a preliminary study of the gas sensing 
properties of oxygen functionalized multiwall carbon nanotubes as 
resistive gas sensors. The study is focused on the structure and 
electronic properties of these nanotubes with their gas sensing 
characterization towards different volatile contaminants. 
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Chapter IV proposes to enhance sensitivity and selectivity by 
measuring both the resonance frequency shift of a CNT coated 
piezoelectric cantilevers and the resistance change of CNT films upon 
the adsorption of gas species. Also, the piezoelectric properties of this 
new device are compared to the previous one (simple transduction). 
Chapter V presents a different approach to enhance the 
interaction between benzene molecules and the sensitive layer, which 
is based on host-guest molecular recognition. To achieve this 
objective, a cavitand, which plays the role to trap benzene, is grafted 
onto the outer wall of multiwall carbon nanotubes and simple, 
resistive gas sensors employing this hybrid nanomaterial are 
fabricated and tested. 
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CHAPTER I: State of the art 
 
In this chapter, we will give a general description related to the 
risks of benzene exposure. Also, conventional analytical techniques 
for monitoring the environment will be presented. Then we will focus 
on the latest technologies used in gas sensing devices to improve 
benzene detection. 
1.1. Introduction 
Current interests in environmental protection are focused in 
outdoor and indoor air quality. Harmful gases present in the 
atmosphere can spoil our environment and cause disease or death to 
humans and other living organisms. Gas pollutants can be classified 
as primary or secondary. Primary pollutants are generated from 
processes (natural or industrial) such as volcanic eruption or gas from 
motor vehicle exhaust for example. Major primary pollutants include: 
 Nitrogen oxides (NOx) that are principally generated from 
high temperature combustion. 
 Carbon monoxide (CO) that is a byproduct of incomplete 
combustion from fuel such as natural gas or wood but its 
major source comes from motor vehicle exhaust. 
 Sulfur oxides (SOx) that are produced by volcanic activity 
and various industrial processes. 
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 Ammonia (NH3) that is emitted from livestock and 
agricultural processes with the incorporation in foodstuffs 
and fertilizers. 
 Volatile organic compounds (VOCs) that are well known 
since they are emitted basically from human activity. 
They are organic compounds with a very high vapor 
pressure at room temperature. Among them aromatic 
compounds such as BTEX (Benzene, Toluene, 
Ethylbenzene and Xylene) are known to be very toxic at 
low concentrations and prolonged exposure. 
Secondary pollutants are not generated directly and are formed in the 
air when primary pollutants react or interact. they principally include: 
 Ozone (O3) that is formed in presence of NOx and VOCs. 
In the stratosphere, it constitutes an important role with 
the Ozone layer by filtering some electromagnetic waves 
at high energy (UV,…). But at high concentration in air, it 
forms a smog with other constituents and actuate as a high 
oxidizing agent with other chemical compounds. 
 Particulate matter (PM) that is formed from combustion 
reactions. The presence of ammonia has a role in the 
formation of particulate matter. PM is responsible for the 
onset of serious pulmonary diseases. 
The European Commission has developed an extensive body of 
legislation which establishes health based standards [1] and 
objectives for a number of pollutants in air summarized in Table 1. 
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Table 1: Health based standards of pollutants in air 
Pollutant Concentration limit in 
air 
Averaging periode 
SO2 47.5 ppb 24 hours 
NO2 21.2 ppb 1 year 
CO 8.7 ppm 8 hours daily 
C6H6 1.6 ppb 1 year 
O3 61.1 ppb 8 hours daily 
PM2.5* 25 μg.m-3 1 year 
PM2.5= PM with diameter < 2.5 μm 
1.2. Overview of benzene toxic vapour 
1.2.1. Benzene properties and emanation origin 
Benzene is a non-polar six-membered ring aromatic hydrocarbon 
with molecular formula C6H6, with dimensions of ca. 6.0 x 3.5 Å and 
a volume of 120 Å3. It belongs to the BTEX (Benzene, Toluene, 
Ethylbenzene and Xylene) group of compounds. The components of 
this group feature similar structures but quite different toxicological 
properties. Benzene is present in the petrochemical industry, land 
reclamation, petroleum coke oven operators, petrol stations, motor 
vehicle repair stations, roadside works and many other industries.[2] 
Cigarette smoking is another important source of exposure to 
benzene.[3] It is listed among the most harmful VOCs. It generates 
highly flammable and toxic vapours and is recognized as a human 
carcinogen by the US Environmental Protection Agency and by the 
European Commission. Long term exposures to relatively low 
concentrations of benzene over months or years lead to severe 
hemotoxic effects such as aplastic anaemia and pancytopenia and to 
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acute non-lymphocytic leukaemia.[4-6] In the last ten years, the 
permissible exposure limit has been lowered from 10 ppm to 100 
ppb.[7] According to the Directive 2008/50/EC of the European 
Parliament and of the Council of May 2008, the limit value for the 
annual average exposure to benzene is 5 μg.m-3 (1.6 ppb).[8] 
1.2.2. Current techniques for analysing benzene vapours 
Nowadays, several methods for detecting benzene traces are in use. 
They provide fairly accurate and selective gas reading. Most of them 
involve pumping of the sample and subsequent analysis by employing 
colorimetric detector tubes, gas chromatography (GC) coupled to a 
detector like flame ionisation detector (GC-FID) or mass 
spectrometer (GC-MS), nuclear magnetic resonance (NMR) and 
Fourier transform infrared spectroscopy (FTIR). These methods are 
bulky, expensive and do not allow for implementing a continuous 
monitoring of benzene traces. Furthermore, they require specially 
skilled and knowledgeable operators. In the last few years, pre-
concentration methods and GC equipment have been improved in 
terms of miniaturization and with a LOD reaching the ppb level for 
benzene.[9-11] However, such systems are still limited by their long 
response time, high power consumption and high cost. Alternatively, 
the use of portable photoionization detectors (PID) has been reported 
as well (Photovac, Raesystems, Draeger), but PID devices are not 
selective to benzene and give a total reading for VOCs. The 
photoionization measurement process consists of the illumination by 
high energy UV (Ultra Violet) light of a molecule. The photons 
absorbed provoke the ionization of the molecule. Ions can be detected 
by applying an electric field. The resulting current measured depends 
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of the concentration of the molecule ionized. Sensing principle is 
shown in Figure 1. 
 
Figure 1: Operating principle of a photoionization detector 
The lack of selectivity of such a device is clearly dependant on the 
choice of the ionization lamp. One option to make PID more selective 
for benzene is to utilize a single-use, disposable and rather expensive 
filter at the inlet port of the device what would result in a dramatic 
cost increase of running benzene measurements. Human activity may 
result in active exposure to benzene and would clearly benefit from 
affordable, portable, highly sensitive and selective detectors able to 
run continuous measurements. Keeping this in mind, scientists have 
intensified their research in another kind of detection systems that can 
be used for gas identification and control. These are solid state gas 
sensors and their principle consists of a sensing layer that allows 
recognizing the target gas with which it interacts and a transducer to 
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transform the chemical/physical interaction into an electrical or 
optical signal. 
1.3. Solid state gas sensors 
A characteristic of solid state gas sensors is the reversible 
interaction of the gas with the surface of the solid state material. 
Several physical effects are used to achieve the detection of gases. In 
addition to the conductivity change of gas sensing material, the 
detection of this interaction (transduction) can be performed by 
measuring the change of the capacitance, work function, mass, optical 
characteristics or reaction energy released by the gas/solid 
interaction.[12] The sensing layer can be organic (polymers, 
complexes,…) and inorganic (metal oxide semi-conductors, 
electrolytes…). Nowadays, a wide variety of solid state gas sensor 
has been studied with interdisciplinary science such as chemistry, 
electronics, biology and many more. In the context of the thesis we 
will focus on layers of CNTs (carbon nanotubes) as sensitive 
nanomaterials coating either resonant (cantilevers) or non-resonant 
(resistive) transducers. 
1.3.1. Resistive gas sensors 
Resistive sensors (chemoresistors) are among the most commonly 
used gas sensors. Resistive gas sensors are based on the change in 
resistance that undergo sensitive layers upon gas exposure. The most 
typical sensitive layers are semiconductor metal oxides and organic 
semiconductors.[13] For metal oxides, the most common sensing 
material used in resistive gas sensing is SnO2. Also, other metal 
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oxides such as ZnO, TiO2, WO3 and In2O3 have been investigated. 
Recently, intensive researches have been focused on the design of 
monocrystalline and nanostructured metal oxides in order to enhance 
sensitivity and stability.[14] A general rule linked to the use of metal 
oxides as gas sensitive layers consists of the formation of nanosized 
grains that partially adhere to each other. Then, they interact with 
oxygen to form active oxygen species that alter the electrical charge 
at that grain surface. By reaction with combustible gases, oxygen 
active species are depleted, which result in an alteration of the 
resistance of the device. For example, SnO2 behaves as an n-type 
semiconductor due to oxygen vacancies in the crystal structure. As a 
result, two electrons at a tin atom become free.[13] When tin dioxide 
is exposed to ambient oxygen, oxygen molecules adsorb at the 
interface and each oxygen molecule captures electrons via the 
conduction band of the semiconductor forming adsorbed anionic 
oxygen species such as O2-, O- and O2- which depend strongly on the 
operating temperature.[15] Then, gas molecules can interact with 
such oxygen reactive species resulting in the surface depletion of 
charge carriers as shown in Figure 2. 
 
Figure 2: Formation of a charged layer by oxygen chemisorption and the effect 
of a reducing gas, adapted from [16] 
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Besides metal oxides, organic semiconductors have merged as a new 
class of gas sensing material. Unlike traditional inorganic sensors, 
they present innate porosity and a wide range of morphologies are 
provided adjusting directly synthesis or post-synthesis parameters. 
Additionally, they can operate at room temperature which is an 
advantage for very low power consumption. For example, Gaudillat 
P. et al. have shown superior performance of polymer-phtalocyanine 
hybrid material for ammonia sensing in high humidity atmospheres. 
They could detect 30 ppm of ammonia in 10-70% of relative 
humidity (R.H).[17] Also, Dan Y. et al. have shown sensitive 
performance of poly(3,4-ethylenedioxythiophene) 
/poly(styrenesulfonate) (PEDOT/PSS) with relative resistance 
changes of 10.5%, 9% and 4% towards acetone, methanol and 
ethanol, respectively.[18] Another similar class of compounds based 
on carbon material are carbon nanotubes (CNTs). They have become 
the most studied carbon nanomaterial for developing gas sensors.[19] 
The electronic properties of CNTs have been found to be extremely 
sensitive to their local environment with a high specific area. 
Furthermore, gas sensing properties can be tuned thanks to the 
modification of their external wall as shown in Figure 3. 
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Figure 3: Possible modifications of CNTs 
For all these intrinsic properties, CNTs have been chosen as sensitive 
layer for the development of benzene gas sensing. Details on their 
electronic properties and gas sensing mechanism are shown later in 
chapter III. 
1.3.2. Resonant cantilever based gas sensors 
First interests in the use of cantilevers as potential chemical or 
physical sensor come from advances in the study of AFM (Atomic 
Force Microscopy) probes. During the last two decades, 
microelectromechanical systems (MEMS) have facilitated the 
development of sensors that involve transduction of mechanical 
energy. Bimorph effect is observed with an AFM probe when it is 
covered with a metallic layer on one side and, afterwards, has been 
exploited for humidity, temperature [20] and chemical [21] sensor 
applications. Then, several studies based on the bimorph effect or 
chemically induced strain effect have been investigated.[22] One of 
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the first systems based on silicon microcantilevers consisted of gas 
sensors arrays coated with a layer of different polymers allowing to 
detect simultaneously changes in surface strain induced by adsorption 
of alcohols that could be distinguished.[15] For chemical sensing, the 
microcantilever is generally coated with a sensitive layer with the aim 
to adsorb with more affinity the target species. Then, the adsorbed 
element can be detected by measuring the quasi-static deflexion 
(static mode) or the shift of the resonance frequency (dynamic or 
resonant mode) of the microcantilever. 
 
Figure 4: Conversion of input stimuli into output signals by cantilever 
transducers is associated with a number of transduction mechanisms. 
Depending on the measured parameter—structural deformations or resonance 
frequency changes—the mode of sensor operation can be referred to as either 
static or resonant.  Each  of  these  modes,  in  turn,  can  be  associated  with  
different transduction scenarios.[23] 
The measured parameter chosen is directly related to the cantilever 
deflection or the resonance frequency and the mode of the cantilever 
operation can be referred to as either static or resonant. Each of these 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
     15
modes, in turn, can be associated with different transduction scenarios 
(Figure 4.). For static cantilever deflection, transduction takes place 
by external forces exerted on the cantilever or intrinsic stresses 
generated on the cantilever surface (or within the cantilever). On the 
other hand, for cantilever sensors operating in dynamic mode, 
variation of the resonance frequency depends upon the attached mass 
as well as viscoelastic properties of the cantilever and the medium. 
The bending and the changes of the cantilever resonance frequency 
can be monitored by several techniques like optical beam 
deflection,[24] piezoresistivity,[25] piezoelectricity,[26] 
interferometry,[27] capacitance [28] and electron tunneling [29] for 
the most important. Previous works have shown that screen-printed 
piezoelectric cantilevers based on PZT (PbZrxTi1-xO3) can be an 
alternative technology to the silicon micromachining for cantilever 
gas sensors.[30] The advantage of piezoelectric material is that it can 
be used both for actuating and transducing as a result from 
mechanical or electrical stimuli. Thus, it allows a simplification of the 
fabrication process of the microcantilevers and of their 
actuation/detection mode. All these properties show that PZT printed 
microcantilevers are good candidates for chemical sensors in gas 
sensing applications. Also, CNTs (carbon nanotubes) have been 
chosen as sensitive layer deposited on the cantilever because, as 1D 
nanomaterial, they present high specific area for gas adsorption. 
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1.4. Carbon nanotubes as sensitive layer 
Carbon nanotubes (CNTs) belong to the family of fullerene 
structures. Theses allotropes of carbon have been re-discovered by 
Iijima in 1991 [31] and particular interest has been devoted in many 
applications of this new class of nanomaterial.[32-34] Their structure 
arises from the folding of a graphene sheet (planar structure of 
hexagonal carbon rings), rolled-up into a seamless cylinder with 
diameter of few nm and length from 1 to 100 μm. CNTs are chiral 
structures and can be classified in two groups: single wall carbon 
nanotube (SWCNT) with on single outer wall and multiwall carbon 
nanotubes (MWCNTs) with multiple concentrically nestled walls 
(with interlayer graphite distance of 0.34 nm) as shown in Figure 5.  
 
Figure 5: A) Conceptualized depiction of a multiwalled carbon nanotube 
(MWNT) with concentrically nestled walls. A single-walled carbon nanotube 
(SWNT) consists of one wall, or the innermost (red) CNT. B) Schematic 
depiction of the roll-up vectors (n,m) of a CNT, showing armchair (n=m), 
chiral (n≠m), and zigzag (n,0) SWNTs [35] 
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SWCNTs can be either metallic or semiconducting depending to the 
roll-up vector. If n-m=3q (where q is an integer or zero) it is a 
metallic SWCNT and when n-m≠3q, it is a semiconducting SWCNT. 
As far as coaxial SWCNTs (i.e. MWCNTs), calculation have shown 
that each of the SWCNTs tends to maintain its own behaviour, yet 
tube interactions may occur that are likely to modify the electronic 
behaviour for specific relative positions of the superimposed 
graphene lattices.[36, 37] However, this is specifically sensitive for 
tubes with relatively small diameters.[38] As soon as radii of 
curvature are larger than 7 nm (almost always the case for 
MWCNTs), the band gap energy of the semiconducting SWCNTs is 
lower than the thermal energy at room temperature, meaning that all 
MWCNTs whose outer diameter is larger than 14 nm exhibit a 
metallic behaviour.[39] As mentioned in 1.2.1, pristine (without 
chemical modifications) CNTs present several advantages to 
compensate their lack of specificity to different gaseous analytes and 
also the low sensitivity towards gases that do not interact with CNTs. 
Functionalization and decoration of CNTs walls can tune the 
reactivity / interaction with a target gas. Some of such modifications 
are presented below and their sensing properties are compared to 
those of pristine CNTs. 
 
1.4.1. Functionalized CNTs gas sensors 
Indeed, functionalization of CNTs walls allows creating specific 
interactions with the target analyte and can also improve the dynamic 
sensing. The functionalization can be distinguished in two 
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approaches: covalent functionalization and non-covalent 
functionalization. These two pathways differ by the type of the 
linkage of the functional entity used to functionalize the CNTs wall. 
The non-covalent functionalization is principally based on the use of 
multiple weak forces such as Van der Walls and π-stacking 
interactions for the complexation of a supramolecule and the CNTs 
wall.[33] This method is non-destructive because the physical 
properties of the CNTs stay unchanged.[40] Esra Nur Kaya et al. 
demonstrated that asymmetrically substituted ZnPc (zinc 
phthalocyanine)  bearing one pyrene and six polyoxy groups as side 
chains linker bind better than symmetrically octasubstitued ZnPc 
bearing eight polyoxy groups linker. It is shown that SWCNT-pyrene 
containing ZnPc response towards ammonia vapour was almost 2 
times higher than SWCNT without pyrene ZnPc and 6 times higher 
than pristine SWCNT.[41]  Also, Yaqiong Z. et al. have shown the 
high sensing performance of SWCNTs coated with 
carbazolylethynylene oligomer (Tg-Car) sensor towards nitroaromatic 
explosive vapors at low concentration (from ppb to ppt levels). 
Responses are much higher with opposite signal variation compared 
to pristine SWCNTs.[42] 
The covalent functionalization is, as the name suggests, a covalent 
link between the CNTs wall and the chemical function or molecule 
grafted. The most employed covalent functionalized CNTs are based 
on esterification or amidation of the carboxylic groups that are 
introduced on defect site of the CNTs wall during acid treatment (cf. 
Chapter II). For example, L. Niu et al. demonstrated that MWCNTs 
functionalized by poly(ethylene glycol) showed remarkable gas 
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sensing properties toward chloroform detection.[43] H. Mu et al. 
show the superior performance of amino group functionalized 
MWCNTs for formaldehyde sensing. They could reach high 
sensitivity (limit of detection of 20 ppb) compared to pristine 
MWCNTs that remained almost insensitive.[44]  
 
1.4.2. Metal decorated CNT gas sensors 
Metals exhibit a broad range of electronic and physico-chemical 
properties like adsorption capacity, high catalytic activity and 
efficient charge transfer. Consequently, metal nanoclusters play an 
important role in the gas sensing pathway in which sensitivity and 
selectivity can be tuned based on the reactivity of the nanocluster 
used.[45] Furthermore, metal nanoclusters are mechanically and 
chemically robust and are able to support high temperature and 
aggressive environment. Reactivity of metal nanocluster-CNTs upon 
gas exposure will depend on the metal used and the nature of the 
charge transfer between the metal nanocluster and the CNT induced 
by gas adsorption.[46, 32] The general rule of this concept is to use 
nanoclusters (nanosize for high specific area and maximize effect of 
the adsorbate on the nanocluster) that donate or accept a significant 
amount of charge upon adsorption of a volatile molecule resulting in 
a change of electron transport in the nanotube. For example, I. 
Sayago et al. have demonstrated the good response to hydrogen of 
Pd-decorated SWCNTs and their excellent sensitivity respected to the 
tested interfering gases (octane, toluene and ammonia). M. Penza et 
al. have improved NO2 and NH3 detection respect to pristine 
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MWCNTs thanks the Pt and Au nanoparticles used to catalyse the 
surface of MWCNTs as resistive gas sensor. The sensors had a 
working temperature in the range of 100-250°C. 
 
 
1.5. Benzene detection based on CNT 
composites as gas sensitive interface 
In the literature, only few studies have been focused on the 
detection of benzene vapours using CNTs based sensor at room 
temperature. Some of them are presented in Table 2. 
Table 2: CNTs based gas sensor performance towards benzene 
CNTs type Sensor 
configuration 
Gas 
vector 
Detection 
limit 
Ref. 
Rh-MWCNTs Resistor Air 50 ppb [47] 
Pt/Au-SWCNTs Resistor Air 5 ppm [48] 
polyurethane-
MWCNTs 
Resistor Air N/S [49] 
FeTPP-SWCNTs FET* Air 500 ppb [50] 
MWCNTs PCQMB* Air 95 ppm [41] 
HTBN/MWNTs-OH Resistor Air N/S [51] 
FET = Field Effect Transistor 
PCQMB = PiezoelectriC Quartz Crystal Microbalance 
Benzene remains difficult to be detected. Some improvements in 
the sensitivity by Rh-MWCNTs sensitive layer is observed (LOD = 
50 ppb). Nevertheless, no studies with carbon nanomaterials based 
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chemical gas sensors investigated the selectivity towards benzene. 
Today, the unique way to achieve a partial selectivity is to employ an 
array of gas sensors and apply an algorithm of pattern recognition 
[47, 48, 52] (like principal component analysis, linear discriminant 
analysis and artificial neural networks). 
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CHAPTER II: Transducers fabrication, CNTs 
deposition and experimental gas sensing setup 
 
In this chapter, we will describe the fabrications of the 
transducers used and the experimental steps for the deposition of O-
MWCNTs on the different substrates studied. Also, the design and 
the fabrication of a test chamber for the characterization of gas 
sensing properties will be discussed. 
 
2.1. Transducer fabrication 
2.1.1. Generalities on the screen-printing technique 
The screen printing technique has been chosen for the fabrication 
of the transducers (resistive and cantilever-based) designed for gas 
sensing application. The “standard” thick layer process allows for the 
collective fabrication of microchips at very low cost. This process is 
widely used in hybrid microelectronics for the fabrication of 
interconnections, passive components and the encapsulation of hybrid 
circuits. It enables the deposition of patterns with a controlled 
thickness (from 10 to few tens of microns per coating). The screen-
printing technique includes different steps: 
 Ink fabrication, which generally consists of mixing a 
powder giving a final functionality of the layer and an 
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organic binder assuring the required rheological 
properties essential for the coating of the layer. 
 A screen is made of a piece of stainless steel mesh 
stretched over a frame. A stencil is formed by blocking 
off parts of the screen in the negative image of the 
design to be printed; that is, the open spaces are where 
the ink will appear on the substrate. To deposit a layer, 
a screen is located over and just above the substrate. 
Like this, the deposition can be accurately executed. 
Then, the mesh of the screen is brought into line 
contact with the squeegee and scanned across the 
screen. The mesh should peel away from the surface 
immediately behind the squeegee, leaving all the ink 
that was in the mesh deposited onto the printing 
surface. A print cycle and description of the different 
elements are represented in Figure 6. 
 Drying of the screen-printed layer, which allows the 
removing the solvents present in the ink. 
 Firing of the different layers allowing decomposition 
of the binder giving them functional properties thanks 
to the sintering. 
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Figure 6 : Print cycle of the screen-printing process. 
 
2.1.2. Fabrication of the resistive transducer 
It is important to choose an adequate substrate to carry out the 
measurement of the gas sensing properties of the active material. It 
has to be: 
 Chemically stable 
 Withstand high temperature 
 Low cost 
 Robust 
Commercially available alumina substrates (96% Al2O3 
10100.635 mm3) were employed to fabricate the transducer 
element for resistive gas sensors using the standard screen-printing 
technique. The transducer element consists of a pair of interdigitated 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
     32 
platinum electrodes (electrode gap is 500 μm) at the front side of the 
alumina substrate and a platinum heating resistor at the back side. 
Different screens were used for the two step deposition. First, 
platinum electrodes were deposited using a 325 meshs screen and a 
commercial conductive paste (LPA 88/11 S, Heraeus). Once printed, 
the substrates were left for flattening during 20 min (help in the 
sintering step during the firing). After, sensor substrate were dried 
during 15 min at 150°C and fired in a furnace with a ramp of 
30°C/min until 1100°C and then during 10 min at this temperature 
under air atmosphere. Finally, substrates were cooled down until 
room temperature. After, the heating element was made following the 
same steps on the backside. The final thickness for the platinum 
electrodes and heating resistor are approximately 7-8 μm. The 
alumina substrate is finally bonded on the PCB support with platinum 
wires (150 μm diameter) using a silver paste.  
       
Figure 7: Screen printed alumina substrate with top view showing 
interdigitated electrodes, bottom view showing the heater both in platinum and 
wire bonded on PCB support 
More details about the fabrication of the substrates can be found 
in reference [1]. 
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2.1.3. Fabrication of the resonant transducer 
Electroded PZT cantilevers (2x8x0.1 mm3) are fabricated on an 
alumina substrate (1x1x0.250 inch3) precut in four elements. By 
associating the screen-printing technique with the sacrificial layer 
process the fabrication of a movable cantilever is achieved. Details on 
this process can be found in [2], where the cantilevers are sandwich 
ones. For this new generation of cantilevers, a Pt resistive heater is 
integrated on the alumina substrate, and the top electrode has been 
replaced by interdigitated electrodes. The role of these new electrodes 
will be explained in chapter IV. The new patterns are given in Figure 
8.  
 
Figure 8: Patterns of the different screen-printed layers 
 
10 mm 
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Circles are used for alignment purposes. The fabrication process by 
screen-printing consists of the successive deposition of each pattern 
and after each screen-printed layer, the alumina substrate is dried at 
120°C during 30 min in an oven. In case of the thick piezoelectric 
layer, a specific drying is led in order to limit the presence of cracks 
or holes in the PZT layer: it is dried at 1°C/mn up to 120°C before its 
maintaining 30min at this temperature.The fabrication steps are 
detailed in Figure 9. 
 
Figure 9: Fabrication steps of the (2x8x0.1 mm3) PZT cantilever a) screen-
printing of the PZT pad, b) screen-printing of the sacrificial layer, c) screen-
printing of the bottom gold electrode, d) screen-printing of the PZT cantilever, 
e) screen-printing of the interdigitated top gold electrodes, f) top view of the 
cantilever after co-firing at 900°C and sacrificial layer elimination with H3PO4 
solution at 1M, g) bottom view with the heater, h) device connected on PCB 
support. 
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The PZT (PbZr0.52Ti0.48O3) piezoelectric ink is composed of a 
commercial PZT powder (pz26 PZ26 from Ferroperm) and 3 wt% 
LBCu as sintering aid. LBCu is composed of 25 wt% Li2CO3 (Alfar 
Aesar), 40 wt% Bi2O3(Alfar Aesar) and 35 wt% CuO (Sigma Ald). 
The piezoelectric powder is first homogenized using a Turbula 
equipment. Zircone balls (5 mm) and the piezoelectric powder 
PZT:LBCu (~20g) are rotated in 40 ml methanol during 6 hours in 
the Turbula. The homogenized powder is afterwards dried under a 
ventilated hood at ambient temperature. The piezoelectric paste is 
then prepared, by blending the PZT:LBCu powder with the ESL 400 
(ElectroScience Laboratories) organic binder. 86%wt of powder 
PZT:LBCu are added in the binder to achieve good viscosity. After 
manual mixing in a mortar, the particles dispersion is optimized 
during 5 min using a three-roll mill (EXAKT 80S). The sacrificial 
layer paste is a mixture of 60%wt epoxy CV59 (from ElectroScience 
Laboratories) and 40%wt strontium carbonate (SrCO3, Carlo Erba), 
taking into account its printability. The gold ink is commercially 
available (ESL8836 from ElectroScience Laboratories).  
The characteristics of the chosen screens for the different layer 
printing are summarized in Table 3: 
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Table 3: Screens characteristics 
Microheater  325 meshs, 50 µm emulsion 
Sacrificial layer 70 meshs, 50 µm emulsion 
Piezoelectric pad 70 meshs, 50 µm emulsion 
Bottom Au electrode 325 meshs, 15 µm emulsion 
Piezoelectric cantilever 150 µm stencil 
Top Au electrodes 325 meshs, 15 µm emulsion 
 
A 150 µm thick stencil is used for the piezoelectric cantilever printing 
to print ~150 µm thick layer at once. Then, to improve the sample 
densification before the firing step, the dried layers are isostatically 
pressed at 40 MPa during 4 min at 65°C. 3D profile analysis has been 
carried out with the Altisurf 500 after the densification step (before 
firing) and presented in Figure 10. This device allows running 
contactless measurements thanks to a polychromatic white beam 
whose reflection wavelengths depend on surface’s relief. 
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Figure 10 : 3D profile of the ID microcantilever with a) top view of z axis 
topography, b) 3D thickness profile, c) top view with grey contrast showing the 
cross-section axis analysis of d). 
A homogenous deposition of each consecutive screen-printing layer 
is observed with the thickness profile of the microcantilever. 
Nevertheless, mesh patterns are visible on the sacrificial layer surface 
due to the printing technology. The surface remains flat through the 
cantilever length. A cross-section measurement shows that the 
thickness of the sacrificial layer and the cantilever are 35 and 120 
µm, respectively. 
The samples are afterwards co-fired at 900°C. The temperature 
profile has been optimized regarding the organic binder elimination 
(30<T(°C)<350), carbonate decomposition (450<T(°C)<650), LBCu 
eutectic fusion (T~600°C) and the PbO evaporation (onset at 
T~920°C). Using an heating rate of 1°C/min for 30<T(°C)<400 and 
20°C/mn for  400<T(°C)<900, the samples are fired 2 hours at 900°C 
and cooled down to room temperature in air with a ramp of 
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20°C/min. They are collected at the end of the firing before reaching 
50°C and immersed in ethanol (to prevent the breakage of the 
microcantilever due to humidity adsorption). The cantilever is finally 
partially released from the alumina substrate by dissolving the 
sacrificial layer in 1M of H3PO4 with ultrasonic. 
Before poling and testing the piezoelectric cantilevers (chapter IV), 
silver wires (diameter 300µm) are glued on the gold contacts using an 
epoxy based paste (ESL1901 from Electroscience) cured 30 min at 
120°C. 
 
2.1.4. Microstructural characterization 
A SEM analysis has been carried out on a cross section of the 
cantilever after the firing step. The cantilever has been embedded in a 
thermosetting resin and then cut following an axis as shown in Figure 
11. 
 
Figure 11: SEM image of a) the cross section of the cantilever and b) a zoom-in 
of the PZT cantilever and c) the axis of the cross section analyzed. 
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The thickness of the cantilever and gold electrodes are 94 μm and 5 
μm, respectively. EDX analysis revealed the atomic composition of 
the PZT cantilever in Table 4. It is in accordance with the phase 
diagram of the commercial powder of Pb(Zrx,Ti1-x)O3 with x ~ 0.5, 
which corresponds to the mix of the quadratic and rhombohedra 
crystalline structure for achieving better piezoelectric properties. 
Table 4: EDX analysis of the PZT cantilever 
Element Weight% Atomic%
C K 45.46 76.22
O K 13.97 17.59
Al K 0.91 0.68
Ti K 2.84 1.19
Zr L 5.64 1.24
Au M 9.23 0.94
Pb M 21.94 2.13
   
Totals 100.00  
2.2. O-MWCNTs deposition method 
2.2.1. On the resistive transducer 
The functionalized carbon nanotubes (O-MWCNTs) were 
dispersed in an organic vehicle (ethanol or DMF), ultrasonically 
stirred during 20 min at room temperature and subsequently air-
brushed onto alumina of resistive sensor substrates while controlling 
the resistance of the resulting film during the deposition. Details on 
their functionalization can be found in Chapter III. Controlling film 
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resistance during deposition enables us to obtain sensors with 
reproducible baseline values.[3]  
To achieve the air brushing deposition, a homemade holder and 
shadow mask (with an open windows size of 5x5 mm2) have been 
designed and fabricated to be used during the coating of the electrode 
area with active films. The holder consists of a PCB support where 
the sensor can be electrically connected. This allows us to heat the 
sensor and measure the resistance of the nanomaterial during the 
deposition. The suspension is introduced inside the container 
connected to the spraying nozzle at 5 cm from the substrate. A 
nitrogen gas flow is used at 10 mL.min-1 to overcome the 
contamination of samples (oxidation). A fine spray from the 
suspension is generated. Since the airbrush deposition cone is 
significantly wider than the opening of the shadow mask, the 
deposited films show high uniformity. During deposition, substrates 
were kept at 100◦C [4] by applying a suitable voltage to the Pt heating 
resistor from the holder. It ensured a fast evaporation of the solvent 
and very good adhesion of carbon nanotubes to the substrate. This 
set-up is shown in Figure 12. 
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Figure 12 : Homemade system allowing resistance measurement and heating 
during the air brushing process with a) the holder, b) the shadow mask 
(55mm2), c) the overall system and d) the fixation of shadow mask up to the 
holder. 
100◦C is a temperature that ensures the complete evaporation of the 
solvent in which O-MWCNTs are dispersed when these reach the 
heated substrate. Lower temperatures would result in the solvent 
wetting the substrate during the deposition and higher temperatures 
would result in the solvent being totally evaporated before nanotubes 
actually reach the substrate. These two situations are undesirable 
since the former leads to a non-uniform deposition and the latter to 
poor adhesion of the films. After encapsulation and wire bonding, the 
sensors were introduced in the test chamber at 150◦C during 10 min in 
dry air. This operation allows a ‘cleaning’ of the sensors without 
affecting the nanotube morphology, thanks to humidity and gas 
contamination desorption. The cleaning temperature of 150◦C was set 
by applying a suitable voltage to the Pt heating resistor included in 
the sensor substrate. 
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2.2.2. On the cantilever transducer 
A similar procedure is led for the deposition of the CNTs on the 
surface of the piezoelectric cantilever, with a new shadow mask 
window (2x8 mm2). Again, thanks to the top gold interdigitated 
electrodes, the film resistance is controlled during the deposition to 
achieve the desired value. The cantilever is also placed at 100°C 
during the CNTs deposition using the Pt resistor heater from the 
holder.   
 
Figure 13: Homemade system allowing resistance measurement and heating 
during the air brushing process with a) the holder, b) the shadow mask 
(28mm2), c) O-MWCNTs coated cantilever and d) a zoom-in of c)  
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2.3. Gas sensing test setup 
2.3.1. Sensor test chamber design and fabrication 
2.3.1.1. COMSOL simulation 
Most of the times, the importance of having a correct design 
of the sensor test chamber is overlooked when studying the gas 
sensing properties of active films. In fact, it is a crucial point because 
the dynamic sensor response will depend on how quick and effective 
the injection of test gases or the cleaning process is carried out.[5] For 
this reason it is advantageous to use a low volume chamber and to 
work under laminar flow conditions. Therefore, the behavior of the 
gas flow in a sensor test chamber was studied employing a 
multiphysics approach. In order to generate an optimized geometry, 
simulations were carried out employing the COMSOL Multiphysics 
software (version 5.0). The optimized structure was then fabricated in 
our workshop. 
The Navier-Stokes equation is used in laminar flow and is simplified 
for an incompressible flow approximation.[6] 
guuuu 
 2)(  p
t  
With 0 u  
Equation 1 
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Where   is the fluid density, u is the flow velocity,   is the 
dynamic fluid viscosity, pis the pressure and g  represents body 
accelerations acting on the continuum from various origins (like for 
example gravity). The Reynolds number calculated at the entrance of 
the sensor test chamber for a flow of 200 mL.min-1 and 4 mm inner 
tube diameter is 105, which corresponds to a laminar flow. The test 
chamber has been designed to host 4 sensors while having the lower 
possible number of smash-ups and keeping cavity volume as small as 
possible. Some additional details for the dimensions are presented in 
the Annex. The geometry employed in simulations is presented in 
Figure 14. 
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Figure 14 : Scheme design of the room sensor in a) general view, b) side view 
and c) front view. Dimensions are in mm. 
The inlet flow enters perpendicularly from the top of the sensor 
chamber. Then a 45° inclination is used to orientate and lead in the 
flow through the chamber. Space is provided at the bottom of the 
chamber for the electrical connections of sensors. Results of these 
simulations are presented in Figure 15. 
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Figure 15 : Velocity magnitude and velocity field of a 200 mL.min-1 air flow 
through the room sensor. The inlet flow is at the bottom and the outlet at the 
top. 
We observe that the variation in velocity magnitude remains small 
enough within a wide section at the center of the chamber, where the 
sensors will be plugged. The velocity field allows us to see that low 
turbulence is observed at the entrance of the sensor chamber and then 
the flow remains laminar until it reaches the outlet. It is important to 
notice that no turbulence is observed at the chamber corners resulting 
in an efficient (i.e. fast) change in the chemical environment of the 
chamber both if a step change in gas concentration or a cleaning 
phase are implemented.  
 
2.3.1.2. Chamber fabrication 
COMSOL allowed us to determine a suitable geometry for the sensor 
test chamber. Before fabrication, the chamber was drawn employing 
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the CAD Orcad software (version 9.2). This is shown in the Annex. 
Teflon material has been chosen for the body of the test chamber 
since it is an inert material (to prevent contamination from oxidative 
gases). Then, the top cover was made of stainless steel for allowing 
suitable connections with tubes and also to provide good sealing of 
the whole system when assembling both parts (i.e., the chamber is 
airtight). Pictures of the final test chamber are presented in Figure 16. 
 
Figure 16 : Different pictures of the room sensor with a) the sensor PCB 
connection, b) the four sensors plugged inside the chamber and c) the whole 
system with the stainless steel top and electrical connections 
A PCB was designed in order to have suitable connections between 
the four sensors and the Agilent equipment as shown in Figure 16. 
Then, heaters are connected and can be used by applying a voltage at 
the heater port. A by-pass valve has been implemented on the top of 
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the lid to facilitate purging of the gas line when a calibrated gas bottle 
has to be changed.  
 
2.3.2. Setup for gas sensing characterization 
2.3.2.1. First setup 
To characterize sensor performance towards different hazardous 
species a gas line system was assembled in order to deliver different 
concentrations of these species in a reproducible way. The gas 
sensing properties of the sensors were measured using the 35 mL 
volume, Teflon test chamber described above. Computer-controlled 
mass flow (FIC=Flow Indictor and Controlled) meters (Bronkhorst 
hi-tech 7.03.241) and calibrated gas bottles were used (NO2, CO, 
ethanol, benzene, toluene, all diluted in pure air from Praxair) with 
pure air from Air Products. Such a system allows for obtaining 
different concentrations of the species tested. A temperature sensor 
was included after the test chamber (TI=Temperature Indicator). The 
general scheme of the measurement setup is presented in Figure 17. 
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Figure 17 : Scheme of the first experimental setup 
A continuous flow (100, 200 or 400 mL/min) was used throughout 
measurements. The flow was humidified to 10%, 25% and 60% R.H. 
(Relative Humidity) by employing an Environics Series 4000 gas 
mixing system (Environics Inc., Tolland, CT, USA). Once sensors 
were placed inside the test chamber, they were connected to a 
multimeter or impedance meter interface, which allowed the real-time 
reading. Given the low concentration levels tested, the measurement 
rig was checked to rule out the presence of contaminants in mass-
flows and tubing by performing a set of control GC/MS tests (run 
before, during and after gas measurements). 
 
2.3.2.2. Second setup 
The second setup is quite similar to the first one but it differs 
in the generation of volatile contaminants. Two manual flow meters 
with a capacity of 200 mL/min are connected to a pure air bottle. The 
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first flow meter indicates the flow of contaminant and the second one 
is used for the dilution as shown in Figure 18. 
 
Figure 18: Scheme of the second experimental setup 
Vapors are generated by bubbling dry air through the contaminant in 
the liquid phase. The concentration of saturated vapors is controlled 
by immersion in a thermostatic bath (as shown in Fig. 10). The 
concentration of the vapor follows the Raoult’s law which gives an 
approximation to the vapor pressure of mixtures of liquids as shows 
the following equation: 
i
i
itot pp   
Equation 2 
Where ptot is the atmospheric pressure, i is one of the component of 
the liquid, χi is the mole fraction and piχi is the partial pressure of the 
component i in the mixture (here χi=1 since there is only one 
component) at a constant temperature. The liquids (benzene, toluene, 
ethanol, methanol and acetone) are maintained at a constant 
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temperature in order to generate the same concentration of vapor. 
They are provided from Sigma Aldrich with a purity of 99.8%. For 
each new liquid, the concentration of the vapor generated is calibrated 
by HPLC (high pressure liquid chromatography).  
 
2.4. Conclusion 
 
In this chapter, sensor transducers have been made by screen-
printing technique. It allows fast and low cost fabrication of the 
devices. The maximum resolution reached with our method is 200 
μm. Then, the air-brushing has been the method of choice to deposit 
the O-MWCNTs on each device. The possibility to measure the 
resistance while depositing the absorbent film is suitable for ensuring 
good device to device reproducibility. The design and the fabrication 
of an adapted test chamber for successfully characterizing the gas 
sensing performance of our resonant/ resistive sensors has been 
described as well. The final configuration chosen allows a fast, 
laminar flow of the gases tested, which minimizes the time needed for 
completing the different measurement phases such as contaminant 
injection and cleaning (i.e. baseline recovery). Furthermore, the use 
of mass flow control units has enabled us to fully automate the whole 
measurement process. 
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CHAPTER III: Benchmark study of oxygen 
functionalized MWCNTs as gas sensing interface  
 
In this chapter, the gas sensing properties of oxygen 
functionalized multiwall carbon nanotubes (O-MWCNTs) are studied 
since this nanomaterial will be used as a building block undergoing 
further modifications. Here we will focus on the fabrication, the 
structure and electronic properties of such a system and finally, the 
gas sensing characterization results towards different volatile 
contaminants will be shown and discussed.  
3.1.  Overview 
Like hydrocarbon compounds, MWCNTs are hydrophobic and 
inert in standard conditions and tend to aggregate resulting in poor 
solubility in most of solvents, which is not favorable for gas sensing 
application. Also, after the fabrication process, some impurities such 
as amorphous graphite or residual metal catalyst remain on the 
surface of as-grown MWCNTs [1] and can seriously affect the 
sensing potential of this material. To improve their solubility and 
purity level, MWCNTs can be cleaned, sorted (e.g. separate 
semiconducting from metallic nanotubes) and functionalized 
employing different methods. Hence, the most common way to 
functionalize them is the modification of their surface chemistry by 
the attachment of oxygen-containing groups (e.g. hydroxyl, peroxide, 
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ketone, and carboxylic groups) mainly on tube ends and side-walls. 
Furthermore, such functionalization can serve for the creation of 
anchoring sites for further chemical functionalization and processing 
[2]. 
3.1.1. Oxygen functionalization methods 
Various methods for the oxidation of CNTs have been reported 
and can be identified in tree types: Liquid phase, gas phase, and 
plasma treatment. 
The liquid phase method consists in the use of wet chemical 
techniques using different oxidizing agents and acids (e.g. HNO3, 
H2SO4, HCl, KMnO4, H2O2) [3-5]. It is a continuous process that can 
eliminate impurities at large scale and leads to surface modification 
that preferentially takes place on CNTs sidewalls. The main 
drawback of such method is the occurrence of CNT fragmentation 
(shortening) and damage CNTs walls altering their electronic 
properties [6]. Also, filtering and washing steps are needed in order to 
clean CNTs from oxidizing agents. The gas phase method involves 
the use of oxidative atmosphere at temperatures of few hundred 
degrees. The commonly used oxidants include air, ozone, a mixture 
of Ar-O2 and H2O, a mixture of Cl2-H2O and HCl. It is a simple 
method for removing carbonaceous impurities without vigorously 
introducing sidewall defects. Nevertheless, this method does not 
allow for the removal of the metal catalyst and toxic gases are used at 
high temperature. Finally, plasma treatment appears to be an efficient 
method to functionalize the surfaces of CNTs with the advantages of 
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shorter reaction time, nonpolluting and simple experimental process. 
The plasma is generated under Ar or He in presence of an oxygen 
specie like O2 or H2O [7-9]. CNTs can be functionalized depending 
on the parameters of the plasma and its composition without 
damaging CNTs walls due to milder treatment conditions. For all 
those advantages, we have chosen plasma treatment in this thesis to 
functionalize our MWNCTs. 
3.1.2. Structural and electronic properties changing 
Functionalization of CNTs sidewalls not only allows better 
interactions with gas species, but also leads to drastic changes in the 
electronic states near the Fermi level of carbon nanotubes. Indeed, 
CNTs present more sp3 rehybridization (Figure 19) of the carbon 
atom at the functional site which act as a strong scattering center 
inducing a localized impurity state near the Fermi level.[10]  
 
Figure 19 : Atomic structure (left) of COOH-attached to a (6,6) SWNT and 
contour plot of electron density (right) on the slice passing through the COOH 
group. Red, yellow, green, and blue colors on the contour plot indicate electron 
density from higher density to lower density. The structural distortion on the 
nanotube is found to confine to the nearest neighbors of the bonding site [11] . 
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Such functionalization gives a better semiconducting behaviour by 
the formation of impurity states near the Fermi level [12]. DFT 
calculations indicated that the presence of oxygen atoms at the 
functionalized site reduces the HOMO–LUMO (Highest Occuppied 
Molecular Orbitals–Lowest Unoccupied Molecular Orbitals) gap to 
0.82 eV [13]. This reduction can be explained by the higher density 
of states near the Fermi level, arising from the overlap of the 2p 
electrons of the O atoms and the p electron system of the nanotube.  
3.1.3. Gas sensing interaction mechanism 
This oxygen functionalization step gives rise to few advantages 
for the use of CNTs in gas sensing applications. Indeed, it has been 
shown that functionalization enhances electronic properties by 
creating additional states near the Fermi level, but also oxygen polar 
species present on CNTs wall can generate electrostatic interactions 
with the target gas. R. Ionescu et al. have used an oxygen plasma 
functionalized MWCNTs for the detection of NO2 and NH3 at 
concentration as low as 500 ppb and 200 ppm respectively at ambient 
temperature [14]. Higher responsiveness is observed when there is a 
higher presence of oxygen at the surface of the nanotube. Sin et al. 
have studied the response of chemically functionalized MWCNTs to 
alcohol detection [15]. The proposed mechanism of ethanol detection 
(Figure 20) shows that –COOH groups tend to form hydrogen 
bonding with the ethanol molecule at room temperature. 
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Figure 20 : Interaction COOH groups of the CNTs wall and ethanol molecules 
[15] 
They were able to detect as low as 1 ppm of ethanol. C. Lu et al. 
chemically functionalized MWCNTs as sensitive layer for BTEX 
detection [16]. They showed that adsorption mechanism of BTEX via 
CNTs is mainly due to π-π interaction between the aromatic ring of 
BTEX and the surface carboxylic group of the CNTs as shown in 
Figure 21.  
 
Figure 21 : Mechanism of the adsorbed BTEX on oxidized CNTs [16] . 
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The oxygen functionalization of CNTs results in significant 
improvements in their gas sensing properties. In the following sub-
sections, we report on the use of O2-Ar plasma treated MWNTs and 
discuss their gas sensing properties following this clean and easy 
process experiment. 
 
3.2. Gas sensor fabrication 
3.2.1. MWCNTs synthesis and functionalization 
The MWCNTs used in the experiment were obtained from 
Nanocyl, S.A. (Belgium). They were synthesized by chemical vapor 
deposition and their purity was higher than 95%. The nanotubes were 
up to 50 µm in length and their outer and inner diameters ranged from 
3 to 15 nm and 3 to 7 nm, respectively. A uniform functionalization 
with oxygen was applied to the as provided carbon nanotubes in order 
to improve their dispersion and surface reactivity. For this activation 
step, the MWCNTs were placed inside a glass vessel and a magnet, 
externally controlled from the plasma chamber, was used to stir the 
nanotubes powder during the plasma treatment. Inductively coupled 
plasma at a RF frequency of 13.56 MHz was used during the process 
[14]. Once the MWCNTs powder was placed inside the plasma glow 
discharge, the treatment was performed at a pressure of 0.1 Torr, 
using a power of 15 W, while the processing time was adjusted to 1 
min. A controlled flow of oxygen was introduced inside the chamber, 
which gave rise to functional oxygen species attached to the carbon 
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nanotubes sidewalls (i.e., oxygenated vacancies consisting of 
hydroxyl, carbonyl and carboxyl groups). It is possible to determine 
and quantify these functional oxygen species thanks to XPS (X-
photon spectroscopy) analysis. 
Then, O-MWCNTs were deposited by air-brushing method presented 
in Chapter II. The morphology of the as deposited O-MWCNTs was 
studied by means of transmission electron microscopy (TEM) carried 
out using a JEOL model 1011 instrument operated at 100 kV. In order 
to reduce potential knock-on radiation damage caused by the 100 keV 
electron beam, the electron dose was significantly decreased such that 
during the entire electron-beam exposure no changes in the nanotubes 
were observable. Morphology of the as-prepared films was also 
investigated by means of scanning electron microscopy (SEM). SEM 
measurements were performed using an ESEM-FEI Quanta 600 
equipment, with a resolution of 15 nm. Accelerating voltages of 25 or 
30 kV were employed. The system allows for sample rotation (360◦) 
and sample inclination (90◦). 
 
Figure 22 : SEM (left) and TEM (right) pictures of plasma treated multiwall 
carbon nanotubes. 
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The morphology of the airbrushed O-MWCNTs films investigated by 
SEM and TEM is shown in Figure 22. This figure shows that O-
MWCNTs deposited on interdigitated Pt electrodes consists of porous 
films with two-dimensional arrays of nanopores with different sizes 
and with homogenous distribution. The inner diameter of typical O-
MWCNTs was found equal to 3.53 nm and the outer diameter equal 
to 16.50 nm. The composition of O-MWCNT films had been studied 
in detail by X-ray photoelectron spectroscopy (XPS) techniques and 
results were reported in [17]. The C1s core level spectrum of the 
oxygen-plasma-treated nanotubes was analyzed. This spectrum can 
be decomposed into five components. The main peak is centered at 
284.6 eV and corresponds to the graphite signal, assuming a pure 
nanotube similar to a graphite layer. The second peak is centered at 
285.1 ± 0.2 eV and is attributed to the sp3 carbon atoms. And the 
components centered at 286.2 ± 0.2 eV, 287.2 ± 0.2 eV, and 288.9 ± 
0.2 eV correspond to hydroxyl, carbonyl, and carboxyl groups, 
respectively. After quantitative analysis, the relative distribution of 
the last three peaks is found to be 5%, 12%, and 2%. These numbers 
should be treated with care due to the fact that the XPS signal of the 
O-MWCNT is referenced to the graphite signal and due to inherent 
uncertainties in the peak fitting. However, it is clear that the majority 
of the functions added to the nanotube surface are carbonyl groups. 
Also, the atomic composition was examined by energy-dispersive X-
ray spectroscopy (EDX). To perform this analysis O-MWCNTs were 
deposited on onto silicon substrate in which gold layer had been 
previously evaporated by sputtering. Results are summarized in 
Table 5. 
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Table 5 : Atomic composition of O-MWCNTs 
Spectrum label C O Au Total 
Composition 
(%) 
72.61 10.46 16.93 100 
 
3.2.2. Impedance spectroscopy characterization 
The electrical characterization under vapor environment was 
performed by impedance spectroscopy (IS). This technique has 
emerged as a useful analytical tool for the development of sensor 
devices in a wide variety of configurations. The HP 4192A 
impedance analyzer was used to obtain impedance spectra. It 
provided the AC voltage signals that were applied to sensors. 
Perturbation amplitude of ±10 mV (peak to peak) was chosen and the 
frequency was varied in the range of 5–106 Hz. The impedance of O-
MWCNT films was derived from the measurements of Bode’s 
diagrams with the equivalent electrical circuit in Figure 23. 
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Figure 23 : Typical impedance spectrum taken between 5 and 106 Hz at room 
temperature for oxygen plasma treated MWCNT mat film deposited onto 
interdigitated electrodes. The inset shows the electric equivalent circuit. 
The proposed equivalent electrical circuit includes the following two 
elements: the O-MWCNTs film resistance and capacitance. The 
figure clearly shows that sensors remain resistive impedance up to 
100 kHz. From 100 kHz onwards, sensors show the effect of a 
capacitance. In order to maintain a pure resistive behavior, electrical 
measurements are carried out at 1 kHz. 
 
3.3. Gas sensing properties of O-MWCNTs 
3.3.1. VOCs detection 
Different concentrations of VOCs (i.e., benzene, toluene, acetone, 
methanol and ethanol) were measured using the second experimental 
set-up shown in Chapter II. All measurements under the presence of 
different concentrations of volatile organic compounds were 
performed using the impedance analyzer operated at fixed frequency 
of 1 kHz. Sensor response was defined as the normalized resistance 
change with SR=(Rgas-Rair)/Rair×100. Considering at first the 
measurements of benzene and toluene vapours, Figure 24 shows the 
experimental response and recovery curves to increasing 
concentrations of these vapors.  
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Figure 24 : Typical response to increasing concentrations of benzene vapors 
(top) and toluene vapors (bottom) of an oxygen plasma treated MWCNT 
sensor operated at room temperature. 
(b) 
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The sensor response versus time increases as a consequence of 
exposure to benzene and toluene vapors. The adsorption of these two 
analytes within the multiwall carbon nanotube layers was able to 
induce a significant increase in the resistance of the films. The lower 
concentrations measured were 1.62 and 1.8 ppm for benzene and 
toluene, respectively (these lower concentrations are determined by 
the dilution set-up employed). The experimental data clearly reveal 
the capability to detect very low concentrations of the tested 
pollutants. Additionally, when the analyte is removed by flowing 
clean air, sensors do recover their initial baseline signal, showing that 
the complete desorption of analyte molecules occurs at room 
temperature. Therefore, sensors exhibit a complete reversibility in 
their response toward benzene and toluene vapors. However, sensor 
response and recovery dynamics are significantly faster for benzene 
than for toluene. These results are of great importance for vapor 
sensing applications in which portability is required, since they show 
that such sensors could be easily and quickly reused after a given 
measurement, avoiding the use of cleaning procedures (such as 
heating or UV-irradiating) that are costly, power-demanding and 
time-consuming. For benzene, the noise level in the response is about 
0.01% and if we consider that the limit of detection (LOD) is reached 
when the signal to noise ratio becomes equal to 3, then the LOD for 
benzene is below 100 ppb (assuming a linear interpolation of sensor 
response for the low concentrations of benzene). Figure 25 shows the 
calibration curves of sensor response at room temperature toward 
benzene and toluene vapors. Oxygen plasma treated MWCNT sensors 
are more sensitive to toluene than to benzene vapors. In view of the 
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non-linear behavior of the calibration curve shown in Fig. 5, the 
assumption of a linear interpolation for estimating the LOD discussed 
above might be somewhat crude.   
 
Figure 25 : Room-temperature sensor response calibration curves for benzene 
and toluene vapors. Error bars have been added to show the repeatability of 
the results. 
In the second step, the room-temperature responses of the MWCNTs 
sensor to acetone, methanol and ethanol vapors was investigated and 
compared against the responses to benzene and toluene vapors. 
Figure 26 shows the sensor response and recovery curves for 
increasing methanol, ethanol and acetone concentrations. The 
baseline drift occurs after exposure to these analytes. Baseline 
recovery both from benzene and toluene responses is better than from 
alcohols and acetone. The occurrence of a more significant baseline 
drift for alcohols and acetone than for benzene or toluene reveals a 
stronger interaction between O-MWCNTs and methanol, ethanol or 
acetone molecules than that of benzene or toluene molecules. It is 
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likely that applying mild heating would help completely desorbing 
analytes from MWCNT sidewalls leading to a complete baseline 
recovery. 
 
 
Figure 26 : Typical response to increasing concentrations of methanol (top), 
ethanol (middle) and acetone (bottom) vapors of an oxygen plasma treated 
MWCNT sensor operated at room temperature. 
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3.3.2. Discussion 
The interaction between carbon nanotubes and the vapor 
molecules is generally weak (van der Waals interactions) [18]. The 
adsorption of vapor molecules can induce a change in the dielectric 
constant and electrical properties of O-MWCNTs [19]. Both 
physisorption and chemisorption phenomena have been reported in 
the study of the interaction between CNTs and gas/vapor molecules 
[20]. In particular, theoretical studies have shown that a strong 
interaction occurs between methyl groups and carbon nanotubes [21, 
22]. Based on our experimental results, the kinetics of the interaction 
between alcohols and acetone vapors with multiwall carbon 
nanotubes might be based on chemisorption where a rapid covalent 
bonding occurs. This covalent bonding cannot be broken easily and 
this is why drift in the baseline signal is observed (see Figure 26.) On 
the other hand, for aromatic VOCs such as toluene or benzene, the 
interaction might be mainly based on physisorption. This is a slow 
phenomenon where adsorbed molecules can be easily removed from 
the surface of nanotubes (e.g. by flowing the sensors with clean air), 
and this is why no significant baseline drift can be observed (see 
Figure 25.). Sensitivities of the different analytes tested are 
summarized in Figure 27. 
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Figure 27 : Room-temperature sensor response calibration curves for the 
different volatile organic compounds studied. 
The difference in sensitivity for the room-temperature detection of the 
two aromatic VOCs tested can be due to their differences in dipole 
moment and dielectric constant (Table 6) and, particularly, the 
stronger response to toluene than to benzene vapours could be 
attributed to the presence of a methyl group in the former molecule.  
Table 7 : Dielectric constant and dipolar moment for the different analyte 
studied 
Solvent Dielectric constant Dipole moment (Debye) 
Benzene 2.3 0 
Toluene 2.38 0.360 
Methanol 32.6 1.66 
Ethanol 24.3 1.68 
Acetone 20.7 2.88 
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The higher dipole moment of toluene induces higher dipole–dipole 
interactions which facilitate the physisorption mechanism. Moreover, 
the higher dielectric constant of toluene can induce a higher 
conductivity variation of carbon nanotubes. This result is of 
importance, since it suggests that an array of plasma treated MWCNT 
sensors could be designed with tailored sensitivities (e.g. by having 
their sidewalls decorated with nano-clusters of different metals) to 
discriminate benzene from toluene and xylenes (while the former 
lacks of methyl groups, the latter two have methyl groups attached to 
a benzene ring). Moreover, from the analysis of the mean response 
time (the mean response time was defined as the time needed to reach 
90% of the final steady value of the sensor resistance after the 
injection of a given VOC), it turned out that the MWCNTs-based 
sensors provided a faster response to alcohol and acetone vapors (see 
Figure 28.). The average response time was equal to 2.30 min, 2.28 
min and 1.85 min for ethanol, acetone and methanol, respectively. On 
the other hand, this response time was 6.63 min and 7.62 min for 
benzene and toluene, respectively. This means that the oxygen plasma 
treated multiwall carbon nanotube layers lead to significant 
differences in the adsorption dynamics of the different analytes 
studied, revealing the existence of different interaction mechanisms. 
These results show that the alcohols and acetone vapors could be 
easily discriminated from aromatic VOCs according to the 
differences in response times. 
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Figure 28 : Response time of an O-MWCNT sensor operated at room 
temperature exposed to aromatic compounds, alcohols and acetone vapors. 
This could be exploited as a method to increase sensor selectivity for 
detecting aromatic VOCs in environments where alcohols or acetone 
may be present. Ambient moisture is an important interfering species 
in the detection of VOCs in the environment. The oxygen plasma 
treatment of carbon nanotubes turns them less hydrophobic. While 
this helps to unbundle CNTs, ameliorates their solubility and allows 
for obtaining good dispersions that can be drop coated or air-brushed 
onto transducer substrates, the treatment also makes nanotubes more 
prone to respond to changes in ambient moisture.[14] However, 
moisture interference can be compensated for by processing the 
response of oxygen plasma treated MWCNT arrays or minimized by 
conducting treatments (e.g. fluorination) for enhancing the 
hydrophobicity of carbon nanotubes.[23] 
 
Alcohols and acetone
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3.4. Conclusion 
Oxygen plasma functionalized multiwall carbon nanotubes 
have been used for the detection of volatile organic compounds 
(VOCs) at room temperature. Alumina substrates with interdigitated 
Pt electrodes were employed as transducers and the air-brushing 
method was used to coat them with carbon nanotubes film. The 
electrical properties of the carbon nanotube sensors were studied by 
impedance spectroscopy in the presence of benzene, toluene, 
methanol, ethanol and acetone vapors. The resistance of the prepared 
MWCNTs films increased with the concentration of the different 
vapors tested. The sensors showed high sensitivity and excellent 
baseline recovery in the presence of benzene or toluene vapors 
compared to the others tested VOCs. The limits of detection for 
benzene and toluene are in the high ppb range. Responses were 
repeatable and sensors were reproducible. The significantly faster 
kinetic response together with the difficulty for fully recovering the 
baseline resistance at room temperature experienced with methanol, 
ethanol and acetone seems to suggest that, for these vapors, the main 
mechanism of interaction with carbon nanotubes is chemisorption. On 
the other hand, slower response kinetics and fully recovery of the 
baseline suggest that benzene and toluene are physisorbed onto 
carbon nanotubes. MWCNT sensors were more responsive to toluene 
than to benzene vapors. This could be due to the presence of a methyl 
group in the toluene molecule. Methyl groups are known to better 
interact with carbon nanotube sidewalls than the benzene ring. This 
result brings about the possibility of selectively detecting benzene in 
the presence of toluene or xylenes by employing arrays of plasma 
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treated MWCNT chemoresistors in which nanotubes are 
functionalized (e.g. with nanoparticles of different metals, or with 
different functional groups). The results presented in this chapter 
have been published in [24]. 
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CHAPTER IV: Piezoelectric resonant 
cantilever gas sensor with double transduction 
  
Traditionally, microcantilever sensors have been operated in out-
of-plane resonance modes. They generally suffer strong damping 
forces and hence higher vibration energy losses. Previous studies 
have shown that PZT microcantilevers resonating in in-plane-modes 
tended to undergo shear rather than compressing phenomena. In this 
way, higher quality factors (Q) are expected when the cantilever 
would be used in the 31-longitudinal vibration mode, which would 
result in higher sensitivity. For gas sensing application, such vibration 
mode may be suitable because at low contaminant concentrations, 
small resonance frequency shifts are expected, hence the need of 
reaching high resolution. 
In this chapter, a piezoelectric cantilever with an in plane resonating 
mode has been used. Enhancement of sensitivity and selectivity is 
proposed by measuring both the resonance frequency shift of a 
CNTs-coated piezoelectric cantilever and the resistance change of the 
CNTs film upon the absorption of gas species. To implement this 
double transduction, the top electrode, which normally covers the full 
surface of the piezoelectric cantilever (called “norm-cant”), has been 
replaced here by two interdigitated electrodes (called “ID-cant” with 
ID=InterDigitated). This new configuration will be presented in the 
first part. The electromechanical characterization of this new 
electroded piezoelectric cantilever compared with a theoretical 
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simulation will be afterwards detailed. Finally, to demonstrate the 
advantages of this combination, 3 types of toxic gases carefully 
chosen will be detected. First C6H6 and CO, which are known to 
interact with O-MWCNTs as reducing species then, NO2 is known to 
interact strongly with O-MWCNTs as oxidizing species. Humidity 
effect will be studied since it’s a parameter that can alter gas sensing 
in real operating condition. 
 
4.1. Electromechanical characterization of 
the microcantilever 
 The fabrication steps of the piezoelectric microcantilevers 
used here are detailed in Chapter II. 
4.1.1. Configuration of electrical connections 
4.1.1.1. “Norm-cant”: sandwich conformation 
 The initial piezoelectric micro-cantilever realized by screen-
printing process associated to a sacrificial layer is composed of a PZT 
layer with printed Au electrodes on each side (Figure 29). This 
symmetrical structure allows an in-plane longitudinal vibration mode: 
thanks to the voltage applied between the two sandwich electrodes, 
the cantilever is actuated using the inverse piezoelectric effect; the 
vibration is parallel to the alumina substrate surface, with an 
elongation of the cantilever along the x axis. The resonance 
frequency, image of the gas concentration is then measured by 
following the resonance spectrum of the cantilever. 
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Figure 29: Sandwich configuration of “Norm-cant” with two gold electrodes at 
the top and the bottom of the PZT cantilever and applying voltage in z axis. 
4.1.1.2. “ID-cant”: interdigitated electrodes 
The top full electrode is here replaced by two interdigitated 
electrodes for the simultaneous resonance and resistive 
measurements. For all the electro-mechanical characterizations and 
the gas sensing tests performed, the configuration of electrical 
connections is shown Figure 30. The actuation and the resonance 
frequency measurement are carried out between electrodes e1 and e2. 
The electrode e2 is designed wider than e1 in order to actuate in a 
similar way as in the case of the ‘norm-cant’ cantilever. But the e3 
electrode will be inactive in respect to actuation.  
 
Figure 30: Picture showing the double transduction method where the bottom 
electrode is e2 and the interdigitated electrodes are e1 and e3. 
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Then, alternatively, the resistance of the CNTs film is measured 
between electrodes e2 and e3 in static mode (without cantilever 
vibration). The measurement is led at 1 kHz since the CNTs show a 
resistive behavior at this frequency (as shown in chapter III). 
 
4.1.2. Polarization step 
After the fabrication of the cantilever, the PZT cantilever is poled 
in order to reach the piezoelectric behaviour. The two top electrodes 
e1 and e2 are short circuited for this purpose to reach a homogeneous 
polarization in the PZT microceramic parallel to the z axis. Then, the 
substrate is introduced into the polarization chamber where 
atmosphere and temperature are controlled.  
 
Figure 31: a) Overall view of the polarization chamber and b) view of the 
transfer rod 
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At first, vacuum is generated inside the room where a primary pump 
allows reaching a pressure of under 0.1 mbar. At the same time, this 
step enables the removal of ambient humidity and prevents the 
occurrence electric arc discharges at high voltages (due to higher 
conductivity of the ambient). Then, the polarization room is filled 
with dry nitrogen which is an inert gas (avoiding material spoilage). 
To exhibit piezoelectric properties, the cantilever is progressively 
polarized between the bottom electrode e3 and the top short-circuited 
electrodes (e1, e2). A maximum electric field of 55 kV·cm-1 (value 
before dielectric breakdown) is increasingly applied under nitrogen 
atmosphere while the leakage current intensity is monitored to ensure 
it remains below 5 μA. The temperature is set at 280°C, just below 
the Curie temperature (284°C) of PZT (Figure 32) 
 
Figure 32: Different parameters of the polarization step 
Then the system is cooled down while reaching and keeping constant 
the maximum electric field. Afterwards, the samples are collected and 
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the alumina substrate is wire bonded on the PCB support via Sn-Ag-
Cu soldering. 
 
4.1.3. Electro-mechanical characterization 
The x, y and z named axis are equivalents to 1,2 and 3 axis, 
respectively. This notation is used to define the different piezoelectric 
parameters. 
4.1.3.1. 31-longitudinal vibration mode 
 
Figure 33 : Length parameters of the microcantilever 
In the case of a parallelepiped (Figure 33) with length L, width b, and 
thickness h, the 31-longitudinal wave’s propagation velocity (υ31) and 
their frequency f31 along the structure are written as follows: 
E
cantilever
E
s11
31
1
   
Equation 3 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
   85
m
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
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31   
Equation 4 
With  L
Ebhk    
 
Where m is the cantilever mass, k the stiffness constant and its 
density and sE11 the elastic compliance constant. The Eigen values 
λ(n)31 depend on the vibration mode and are expressed by the 
following law: 
 nwithnn          2
12)(
31  Գ 
Equation 5 
Finally, by associating Equation 3 and Equation 4 the resonance 
frequency for the 31-longitudinal vibration mode can be deduced and 
is proportional to the inverse of the cantilever’s length: 
E
cantilever
n
sL
nf
11
)(
31
1
4
12

  
Equation 6 
In this hypothesis of low damping, the quality factor Q for a (n) mode 
of vibration can be approximated to:  
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f
fQ r  
Equation 7 
 
Where fr is the resonance frequency and Δf is the bandwidth at -3dB.  
The resonance vibration modes of the excited cantilever can be 
observed electrically by following the impedance Z or the admittance 
Y (real or imaginary parts) of the piezoelectric microceramic as a 
function of the frequency. When oscillating, the piezoelectric ceramic 
can be replaced by an electrical equivalent circuit diagram and 
resonance peaks can be thus detected.[1] Figure 34 shows the 
conductance G(f)  (real part of the admittance Y) of the first in-plane 
31-longitudinal vibration modes of a normal cantilever recorded with 
an impedancemeter (Agilent E5061B). The first three resonance 
frequencies are measured at approximately 70, 225 and 360 kHz. The 
quality factor is significantly higher for the first mode, which is 
promising for gas sensing application.[2, 3] Therefore, we will work 
in a range near 70 kHz in the study of the piezoelectric properties of 
the ‘norm-cant’ and the ‘ID-cant’ devices. 
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Figure 34 : Electric signature of the in plane 31-longitudinal vibration modes 
of the 8x2x0.1 norm-cant 
4.1.3.2. Piezoelectric d31 constant calculation 
Thanks to the microcantilever electric signature at the 
fundamental mode (n=1), it is possible to extract dielectric and 
electromechanical parameters such as: 
- the piezoelectric charge coefficient d31 in V.m-1 or in C.m-1 
(also called piezoelectric deformation coefficient or piezo 
modulus ): it is the ratio of induced electric charge to 
mechanical stress or of achievable mechanical stress to 
electric field applied. The 31 indexes indicate respectively the 
electric field and mechanical stress directions. 
- the electromechanical coupling factor k31: it is a measure of 
the extent of the piezoelectric effect which describes the 
ability of a piezoelectric material to convert electrical energy 
into mechanical energy and vice versa. The coupling factor is 
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determined by the square root of the ratio of stored 
mechanical energy to the total energy absorbed. The indexes 
31 refer to the vibration mode. 
- the relative dielectric constant 33T is the ratio of the absolute 
permittivity of the ceramic PZT material and the permittivity 
in vacuum, where the absolute permittivity is a measure of the 
polarizability in the electrical field. The indexes 33T indicate 
the polarization direction (3) when the electric field is applied 
in the direction of polarization (direction 3) at a constant 
mechanical stress (T=0). 
This study is realized on the ‘norm-cant’ and ‘ID-cant’ cantilevers. 
The resonance frequency f(1)31,R is determined for the maximum of the 
admittance module |Y| and the anti-resonance frequency f(1)31,A for the 
minimum of the admittance module. 
 
 
a) 
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Figure 35 : Electrical signature for the fundamental mode (n=1) of the 31-
longitudinal vibration for a) the conductance and b) the susceptance of the 
“ID-cant” and the “norm-cant” 
The real and imaginary parts of the admittance Y (respectively 
conductance G and susceptance B) as a function of the frequency are 
presented in Figure 35. We note that the resonance frequency of the 
“ID-cant” is similar as the “norm-cant” since the geometry of the 
microcantilever remains largely unchanged. Moreover, a notable 
improvement (almost 3 times higher) of the quality factor from the 
“ID-cant” compared to the “norm-cant” is observed. This can be 
explained by the fact that the top electrode changed in two 
interdigitated electrodes allows a better sintering of the whole device 
and also by the improvement of the PZT ink preparation. For the 
calculation of the different piezoelectric constants, we make the 
hypothesis that the microcantilevers are simple “planar 
parallelepiped” structures polarized in the direction 3 of the thickness, 
without ‘bound’ part. This configuration allows the determination of 
the relative permittivity εT33 the piezoelectric charge coefficient d31 
b) 
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and the electromechanical coupling factor k31 by IEEE standard on 
piezoelectricity.[1] 


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Equation 9 
C0 is the capacity measured at 1kHz far from the resonance 
frequency. 
)1(
,3131 4 RE Lf  
Equation 10 
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ET Skd 11333131   
Equation 12 
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Table 8 : Piezoelectric, electric and elastic characteristics related to the 31-
longitudinal mode of the “norm-cant” and the “ID-cant”. 
 Q υE31 
(m.s-1) 
sE11
(.10-12) 
k31 εT31 -d31 
(pC.N-1) 
norm-
cant 
380 2221 33.7 6.9% 234 18.16 
ID-cant 1500 2173 35.27 4.7% 294 14.21 
 
In Table 8, parameters are quite homogenous for the two 
microcantilever structures. This means that the piezoelectric 
properties of microcantilevers are not altered with the modification of 
the top electrode in the new design. The resonance frequency of the 
“ID-cant” is comparable to that of “norm-cant” since geometry is 
similar. The higher εT33 for the “ID-cant” should be due to the better 
sintering of the PZT layer increasing its compacity. The d31 parameter 
is similar to the “ID-cant”, which translates a similar 
electromechanical performance. However, this parameter is not a 
priority when the device is used in resonant mode as a sensor. Indeed, 
it is more important to have a high quality factor even at the expense 
of slightly worsening the piezoelectric properties. Here, the “ID-cant” 
has a Q factor that is three times higher than the ‘norm-cant’ what 
will be advantageous for our gas sensing application 
 
4.1.4. Theory correlation of experimental observation 
From the different experimental results obtained previously, 
theoretical correlations have been carried out. Beginning with the 
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constitutive equation for piezoelectric materials it is established the 
relation between electrical and mechanical properties according to the 
Equation 13 and Equation 14. 
dTED T    
Equation 13 
TsdES E  
Equation 14 
Where D, E, S and T are the electric displacement, the electric field, 
the mechanical strain and the mechanical stress, respectively. Thanks 
to the symmetry of the cantilever in the 1 axis, it is possible to 
establish a general invariance relation of the piezoelectric constants 
and permittivity: 
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Equation 16 
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A previous study [4] following the same fabrication process and 
compounds used for the elaboration of a piezoelectric microcantilever 
has been chosen as a reference for the different parameter to use in 
the simulation as shown in Table 9.  
 
Table 9: Values of mechanical and piezoelectric parameters used 
Parameter Value Unit 
s11 4.14 10-11 m2.N-1 
s12 -1.242 10-11 m2.N-1 
s13 -2.07 10-11 m2.N-1 
s33 5.18 10-11 m2 .N-1 
s44 10.76 10-11 m2.N-1 
d15 30.0 10-12 m.V-1 
d31 -10.0 10-12 m.V-1 
d33 20.0 10-12 m.V-1 
ε11 200.0 F.m-1 
ε33 250.0 F.m-1 
 
To model the electromechanical behaviour of the microcantilever, a 
system of masses and springs is used with hexahedra as basics 
elements [5, 6] (Figure 36). 
 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
   94
 
Figure 36: Two views of springs in the hexahedron and their description with 
on the left, springs in ridges (ax, ay, az), springs in vertex and the central node (dc). On the right, springs in ridges and springs in diagonal of a same plane 
(dpx, dpy, dpz). For clarity, springs of union between central nodes and 
neighboring hexahedra hare not presented. 
In each vertex and in the mass center of the hexahedron are located 
punctual masses (nodes) which concentrate the distributed mass in the 
space of its domain. Nodes are interconnected to springs in four 
different ways: springs located in ridges (ax, ay, az), springs of union 
between the central node and vertexes (dc), springs in diagonal of 
union between vertexes in a same face (dpx, dpy, dpz) and finally, 
springs of union between central nodes and neighbouring hexahedra 
(uc). 
From the parameters of the Table 9, it is possible to reproduce the 
dynamic behaviour of the cantilever using the second law of Newton: 
iiiiii esam FFpp    
Equation 17 
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Where mi is the mass associated of the node i, ai is the damping factor 
on the node i, ip and ip  are acceleration and velocity of the node i, 
respectively. isF  is the elastic strength exerted for all of springs 
united at the node  and ieF  is the external strength actuating on the 
node i. In the same time, the elastic strength is given by: 
 
ij
ij
ijijiji lbs pp
pp
ppF 
 0  
Equation 18 
Where ijb  is the elastic coefficient associated to the spring located 
between the nodes j and i. j is referred to each neighbouring nodes 
with whom that a node i share a spring. The external strength is a 
consequence of the piezoelectric effect and is applied on the nodes 
located on the surfaces submitted to the action of the electric field. 
From the Equation 13 and the Equation 14 and the unique excitation 
of E3, it results the Equation 19. 
13
31
33 s
dET   
Equation 19 
The Table 10 shows values of the elastic constant of springs that 
adjust cursives values of the Table 9 for 64x16x1 hexahedra. The 
damping factor ai used is 10-6 N.s.m-1and a specimen density of 5.2. 
The semi-implicit type integrator of Euler is used with a sample time 
of 35 ns. 
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Table 10: Results of calculated elastic constants 
Type of spring Elastic constant 
(kN.m-1) 
(ax) 370
(ay) 350
(az) 720
(dpx) 1400
(dpy) 1400
(dpz) 290
(dc) 1400
(ucx) 370
(ucy) 350
(ucz) 720
 
Results show a resonance frequency of 67485 kHz, in agreement with 
the Equation 4 and a quality factor of 1400 which are similar values 
from the experimental (~70 kHz). For a sinusoidal excitation of 4025 
Pa (see Figure 37), peaks magnitude in resonance is 710 nm in x axis 
for the norm-cant and 287 nm for the ID-cant is observed.  
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Figure 37: Scheme of the theoretical approach of the cantilever displacement 
with the strength application face and the displacement studies of the nodes Pa and Pb 
It is noticed that the reduction in the magnitude of the vibration 
between the “ID-cant” and the “norm-cant” is similar to the reduction 
of the surface covered by electrodes (60%). 
For the “norm-cant”, the movement in the center of the free face 
(Pa+Pb)/2 of the cantilever (opposite of the fixed face) is zero. 
However, it appears a small displacement (<1nm) in the direction y 
three magnitude order lower than the movement in direction x as 
shown in Figure 38. It is shown that the ID-cant has an asymmetric 
oscillation in y. 
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Figure 38: Cantilever displacement in y direction of a) the norm-cant and b) 
the ID-cant 
By neglecting the viscosity and density effects and assuming that the 
gas and the cantilever are at the same temperature, the resonance 
frequency shift of the 31-longitudinal vibration mode related to 
molecules adsorption is: 


 
m
m
k
kff RR 2
,31
,31  
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Equation 20 
where the frequency variation (Δfr,31), is proportional to the resonance 
frequency (fr,31) and linked to the mass m and the stiffness k of the 
cantilever. To simulate the sensitivity of the cantilever in mass 
changing, the mass magnitude associated to the nodes in the plan 12 
(with axis 3 constant) is altered. To simulate the sensitivity in 
stiffness changing, the elastic constants associated to the springs in 
the same plan are also altered. For the both cases, we confirm the 
validation of the Equation 20 in the relative changing range of 
±0.25% as shown in Figure 39. 
 
 
Figure 39: Simulation of the resonance frequency variation in function of the 
relative stiffness and mass changing 
It is noted that a shift of the resonance frequency is driven by a 
competition between stress (positive shift) and mass (negative shift) 
effect. 
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4.2. Microcantilever preparation for gas 
sensing tests 
4.2.1. Effect of CNTs deposition 
After the CNTs deposition on the “ID-cant” cantilever (following the 
procedure detailed chapter II), a negative resonance frequency shift of 
few hundreds Hertz is observed because of the predominant 
cantilever mass effect. The quality factor is not affected as shown in 
Figure 40.  
 
Figure 40: Conductance of the PZT cantilever at the resonance frequency 
before and after CNTs deposition. 
The fact that quality factor remains unchanged is explained by the 
small amount of O-MWCNTs deposited.[7] 
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4.2.2. Electrical measurement processing  
The characterization of the sensing performance towards different 
hazardous species were performed following the same conditions as 
explained in chapter II. Once sensors were placed inside the test 
chamber, they were connected to the impedancemeter. To allow the 
real-time reading of the resistance and the resonance frequency, a 
Labview interface is created. First the resonance frequency fr0 is 
determined by measuring 10 times (each two seconds) the maximum 
value of the conductance G(fr0) and calculating the average. Then, a 
susceptance value S0 is determined from the fr0 on the susceptance 
B(f) curve near the resonance frequency. This value is always the 
same near the resonance frequency.  Finally, a scan of the resonance 
frequency fr (t) is deduced from S0 each 8 seconds. 
 
Figure 41: Resonance frequency scan measurement protocol 
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This method is preferred from direct read of the maximum 
(conductance curve) since less noise is generated and consequently 
higher accuracy in resonance frequency measurement is observed.   
4.3. Results and discussion 
All the results presented in the next paragraphs concern the ‘ID-
cant’ cantilever. 
4.3.1. Temperature effect 
The resonance frequency of the cantilever has been studied 
varying the temperature of the cantilever. Thanks to the heater screen-
printed at the back of the alumina substrate, it is possible to apply a 
voltage corresponding to the temperature since the resistance R of the 
heater is linked to the temperature by the formula: 
 
))(1( 0TTRR o    
Equation 21 
Where R0 is the resistance of the heater at room temperature,   is 
the temperature coefficient of the material (here platinum based 
thick film ~3200ppm), T the temperature of the heater and T0 
the room temperature. The sensor is introduced in the chamber 
under a dry air flow and the conductance is measured near the 
resonance frequency as shown in Figure 42. 
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Figure 42: a) Conductance as function of the frequency at different 
temperatures and b) temperature as function of resonance frequency 
We observe that the resonance frequency of the cantilever decreases 
inversely with the temperature in a linear behaviour (-1.51±0.5 Hz.K-
1). This variation is due, in part, to the modification of the 
temperature that changes the dimensions of the cantilever under 
temperature variation. Thermal dilatations are not majority 
responsible but the Young’s modulus changing is the principal reason 
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as explained in [8]. Furthermore, it is important to notice that the 
quality factor significantly diminishes when the temperature of the 
heater is increased. Since the quality factor traduce general losses like 
inner and viscous losses, its decreasing reveals the increasing of these 
losses with the temperature. As the resonance frequency linearly 
varies with the temperature in a reversible way, it is possible to 
previously calibrate the sensor in order to compensate the temperature 
fluctuation effect in real measurement conditions. 
 
4.3.2. Detection of volatile compounds at room 
temperature 
Different concentrations of NO2, benzene and CO were generated 
and the sensor responses were studied. CNTs resistance and 
resonance frequency measurements were performed at room 
temperature with the impedance analyser.  
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Figure 43: a) Response under CO b) under benzene and c) under NO2 of O-
MWCNTs coated PZT cantilever at room temperature (RT). 
Figure 43 shows the experimental responses and recovery curves of 
the double transduction to increasing concentration of these volatiles. 
The resonance frequency versus time increased as a consequence of 
exposure to benzene, CO and NO2. Such positive resonance 
frequency shifts, already observed in previous works [9-11], result 
from surface stress modification on the cantilever occurring during 
vapors/gas sorption and inducing either positive or negative 
frequency shifts depending on interactions between the coating and 
the volatile. At such low concentrations, stress effect is predominant 
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and hence a positive resonance frequency shift is observed. Thanks to 
a high quality factor (Q>1500), measurements present low noise 
level. Also, significant variations of the resonance frequency are 
observed with a complete recovery of the baseline at room 
temperature. As in a p-type semiconductor, the resistance of O-
MWCNT films increased with the concentration of benzene and CO. 
Conversely, resistance shift was negative when NO2 concentration 
was increased. We observed that baseline recovery is reached for 
benzene and CO but not for NO2 detection. This is due to the very 
low dynamic desorption of nitrogen dioxide since these species 
strongly interacts with O-MWCNTs. The lower concentrations 
measured were 2 ppm, 5 ppm and 50 ppb for benzene, CO and NO2, 
respectively. The interest of the double transduction is already 
demonstrated for the detection of CO. Resistance changes of O-
MWCNTs films do not allow CO detection below 40 ppm, whereas 
the signal of the resonance frequency shift is already significant at 5 
ppm. Furthermore, thanks to the sign of the shifts experienced by the 
resistance of O-MWCNTs films it is possible to discriminate an 
oxidizing from a reducing contaminant (provided that these are 
considered separately). In order to better understand the detection 
mechanisms and, in particular, the opposed effects of stress and mass 
in the sensing performance of the cantilever, additional measurements 
of benzene at higher concentrations have been investigated (Figure 
44.)  
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Figure 44: Response under high concentrations of benzene at RT. 
We progressively see that stress and mass effects nearly compensate 
at around 2000 ppm of benzene. The mass effect becomes then the 
dominant phenomenon at higher benzene concentrations and results 
in negative shifts of the resonant frequency. During this process, the 
resistance of the O-MWCNTs films monotonically increases with 
benzene concentration. Sensor responses of the tests performed are 
reported in Figure 45. 
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Figure 45: Sensor response SR in a) frequency and b) resistance toward 
different gases with SR=Δx/xair (where Δx is the resonance frequency or resistance difference under air and contaminants). 
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4.3.3. Effect of humidity 
The effect of humidity changes has been also investigated. The 
measurements were conducted under 10±1% to 90±2% of R.H. 
(corresponding to 2,630 and 24,161, respectively at 1 atm and 22°C). 
Here, as for high concentrations of benzene, negative shifts of the 
resonance frequency are already observed at RH of 25% due to the 
fact that a wide change in the relative humidity content has been 
studied. Humidity presence is significant from RH of 75% with a 
negative shift of the O-MWCNTs resistance. 
 
Figure 46: Response under different humidity ratios 
4.4. Conclusion 
In this chapter, it has been shown that the ‘ID-cant’ cantilever 
possess similar electromechanical properties than the ‘norm-cant’ 
cantilever. Furthermore, an improvement in the fabrication of the 
PZT cantilever (paste preparation and thermal treatment) has allowed 
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the increase of the quality factor. Theoretical studies have shown that 
‘’ID-cant’ vibrates in an asymmetric oscillation compared to the 
‘norm-cant’. But this not a problem for gas sensing application since 
the movement in direction 1 is three magnitudes order higher than in 
direction y. The double transduction has been very useful in gas 
sensing tests. The lower concentrations measured are 2 ppm, 5 ppm 
and 50 ppb for benzene, CO and NO2, respectively. The interest of 
the double transduction is shown first for the detection of CO. 
Resistance changes of O-MWCNTs films do not allow CO detection 
below 40 ppm, whereas the signal of the resonance frequency shift is 
already significant at 5 ppm. In second, thanks to the sign of the shifts 
experienced by the resistance of O-MWCNTs films it is possible to 
discriminate separately an oxidizing from a reducing contaminant. 
The major drawback of such system is the humidity effect.  Even at 
low RH (25%), a mass effect is observed and the stiffness effect due 
to low amount adsorption of volatiles cannot be read. 
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CHAPTER V: Cavitand functionalized 
MWCNTs for sensitive benzene detection 
In previous chapters, we have seen that benzene detection at low 
concentration remains difficult. In this chapter, we propose a different 
approach to increase the interaction between benzene and the 
sensitive layer, which is based on the host-guest molecular 
recognition. 
5.1. Motivation 
For a few decades, many studies have been focused on the use of 
weak and reversible interactions for the development of receptors for 
the selective complexation of aromatic compounds via “host-guest” 
strategy. Cram et al. pioneered host-guest studies using deep 
cavitands derived from resorcin[4]arene scaffolds.[1] The shallow 
aromatic cavity present in the resorcin[4]arene parent compound was 
further elaborated by installing bridging groups at the upper rim. 
Quinoxaline-bridged resorcin[4]arene cavitands are known to bind 
aromatic guests (e.g. benzene, toluene, fluorobenzene), not only in 
the liquid, but also in the gas phase.[2, 3] The attractive CH- and -
 interactions established between the receptor and the included 
aromatic compound constitute the main driving forces responsible for 
the formation of inclusion complexes. Thoden et al. modified the 
alkyl substituents at the lower rim of the cavitands with thioether 
functions in order to anchor the receptors on a gold surface.[4-6] The 
improvements achieved in the synthesis of the cavitands together with 
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the possibility to deposit them as self-assembled monolayers on 
different solid substrates led to the emergence of new strategies in the 
design of sensors devices.[7-9] Consequently, several approaches for 
the detection of aromatic compounds both in liquid and gas phases 
have been reported. The recognition event (formation of a host-guest 
complex) was transduced in changes on optical properties (surface 
plasmon resonance,[10-15] fluorescence spectroscopy[16]) or in mass 
changes in the case of resonant devices (quartz crystal micro balance 
sensor,[17-21] or a PZT piezoelectric device[22]). For these devices, 
the reported LOD for BTEX ranges from 50 to hundreds of ppm. 
Resorcin[4]arene cavitands have also been used as absorbent 
materials in pre-concentrator devices coupled to a μ-GC column for 
analyte separation. Furthermore, the detection of analytes was 
performed by a metal oxide gas sensor or mass spectrometer.[23, 24] 
In these examples the detection limit for BTEX was found to be in the 
ppb range.[25-28] Recently, resorcin[4]arene cavitands were 
covalently attached to carbon nanotubes (CNTs) that acted as 
transducers[29-31] for conductance measurement in the solid-liquid 
sensor interphase. CNTs have attracted considerable interest as 
nanomaterial for sensing in solid-gas interphase.[32] They are  
particularly sensitive to local chemical environment of the gas 
phase.[33] The functionalization of CNTs with metal-NPs has been 
exploited to enhance the sensitivity of the material for benzene 
sensing, reaching an LOD of about 50 ppb in dry air.[34, 35] The 
metal-NP-CNT system acts as the transduction unit of the adsorbed 
event in a resistive gas sensor. Indeed, the interaction of the material 
with molecules of benzene in the gas phase results in an electronic 
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charge transfer process between the organic molecule and the metal-
NP-CNT nanomaterial. This affects the position of the Fermi energy 
and, hence, the conductivity of the detection unit. The different used 
metals show different response towards a variety of gas or vapor 
molecules, which can be used to improve the selectivity.[36] 
However, the decoration of CNTs with metal nanoparticles for 
improving the device’s selectivity has been implemented with limited 
success because these nanomaterials show similar sensitivity to 
variety of aromatic compounds and heating is needed to recover the 
sensor baseline.[34]  
Here we describe a simple experimental procedure to prepare an 
unprecedented type of resistive gas sensing device that employs gold 
nanoparticle (Au-NP) decorated oxygen-functionalized multiwall 
carbon nanotubes (O-MWCNTs). The Au-NPs are functionalized 
after deposition on the O-MWCNTs with quinoxaline-walled 
thioether-legged cavitand 4 (Figure 47) leading to highly sensitive 
molecular recognition of benzene vapors. Additionally, we explored 
the sensitivity of the sensor towards others air pollutants such as 
toluene, o-xylene, carbon monoxide, nitrogen dioxide and ethanol 
vapors in order to evaluate cross sensitivity. The gas sensing 
mechanism is discussed on the basis of the experimental findings and 
the mechanism of inclusion complex (benzene4) formation in the 
light of reported, structurally related systems in solutions.  
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Figure 47. Energy-minimized (MM3 as implemented in Scigress v3.0) 
structure of cavitand 4 in vase conformation. Included molecule is omitted and 
cavitand legs -(CH2)9-S-(CH2)9-CH3 are presented as methyl groups for clarity. 
 
5.2. Anchoring of the cavitand on 
MWCNTs 
5.2.1. Experimental section 
The gas sensitive, hybrid nanomaterial was prepared by 
employing a three-step approach. In the first step MWCNTs were 
obtained from NanocylTM (3101 grade). They were grown by 
chemical vapor deposition with purity higher than 95%. Carbon 
nanotubes were up to 1.5 μm long and 9.5 nm in outer diameter. They 
underwent an oxygen plasma treatment to clean them from 
amorphous carbon, to promote their dispersion in an appropriate 
solvent and to create reactive sites (i.e. oxygenated vacancies, O-
MWCNTs) quoted in literature as VO2 (oxygenated vacancies) and 
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V2O2 (oxygenated double-vacancies) in which metal nanoparticles 
can nucleate. O-MWCNTs were suspended in chloroform (0.5% 
w/w) and sonicated during 30 min to uniformly disperse them in the 
solution, which led to a reproducible CNT density. The prepared 
suspension was air-brushed on an alumina substrate that comprised of 
10x10 mm screen-printed, Pt-interdigitated electrodes with gap of 
500 μm between electrodes. During the airbrushing, the substrate was 
kept at 100°C for achieving fast evaporation of the solvent coupled 
with the resistance monitoring of the device until it reached the 
defined value of 5 kΩ. This strategy, which is very similar to the one 
reported by Zilberman et al.,[37] enables us to control both the 
density of the CNT coating and the amount of O-MWCNTs 
deposited, ensuring device to device reproducibility. To ensure the 
complete removal of the solvent and promote adhesion of the 
MWCNT mat to the substrate, sensors were heated at 150 °C for 2 h. 
The final resistance of thermally-treated sensors was a few hundred 
of ohms. The next step was decoration of O-MWCNTs with Au-NPs 
achieving by RF sputtering process conducted at 13.56 MHz with a 
power of 30 W under Ar plasma at room temperature, under 0.1 Torr, 
for 10 s. For the formation of the self-assembled monolayer of the 
deep cavitand, sensor substrates were immersed in a solution (20 mL) 
of the cavitand (0.5 mM). The SAM process was conducted at 60°C 
for a period of maximum 24 h. These conditions allowed a reversible 
adsorption in order to have well-ordered assembly of the quinoxaline-
walled cavitand (4).[4] Finally, the sensor substrates were cooled to 
room temperature, rinsed with pure chloroform and dried at 50°C 
during 30 min. These steps are illustrated in Figure 48. 
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Figure 48. Schematic representation of the preparation of the cav-Au-
MWCNT material: (1) oxygen plasma treatment; (2) Au-RF-sputtering 
(formation of Au-nucleus); (3) Au-RF-sputtering (growth of Au-nucleus and 
formation of Au-NP); (4) self-assembly of the cavitand 4 monolayer on the Au-
NP surface by dipping the material in a chloroform (S) solution of the cavitand 
4; (5) solvent removal (an air molecule, e.g. nitrogen, replaces chloroform (S) 
molecule from the cavitand interior).[38] Nitrogen and chloroform molecules 
are presented as CPK models. Hydrogen atoms are omitted for clarity. Symbol 
 stands for “included in”. Note: we hypothesize that upon chloroform 
removal, the cavitand legs are no longer solvated and the molecule collapses on 
the Au-MWCNT surface.  
The sensing properties of the cav-Au-MWCNTs when operated at 
room temperature were studied by exposing them to different 
chemical environments (benzene, toluene, o-xylene, carbon 
monoxide, ethanol and nitrogen dioxide) at different concentrations. 
For comparison, the results obtained in the gas-sensing measurements 
performed on Au-MWCNT sensors are also reported. The chemical 
compositions of O-MWCNT, Au-MWCNT, and cav-Au-MWCNT 
samples were analyzed using X-ray photoelectron spectroscopy 
(XPS), VERSAPROBE PHI 5000 from Physical Electronics, 
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equipped with a Monochromatic Al Kα X-Ray. The energy resolution 
was 0.7 eV. For the compensation of built up charge on the sample 
surface during the measurements, a dual beam charge neutralization 
composed of an electron gun (~1 eV) and the Argon Ion gun (≤10 
eV) was used. 
5.2.2. Step by step characterization 
The morphology and chemical composition of the active layers 
were characterized using transmission electron microscopy (TEM, 
Figure 49. and Figure 50) and X-ray photoelectron spectroscopy 
(XPS, Figure 51). The homogeneous dispersion of Au nanoparticles 
(average diameter  2 nm) on MWCNTs is illustrated in Figure 49  
Figure 50a and Figure 50b show that SAM procedure, implemented 
for Au-MWCNTs functionalization with the cavitand 4, promoted 
aggregation of the previously deposited Au-NPs (with cluster 
diameters ranging from 10 to 15 nm). The immersion of Au-
MWCNTs in a chloroform solution of the cavitand 4 (0.5 mM) under 
mild heating (60°C), as required by the SAM technique,[32] favored 
both the cavitand assembly on the Au-NPs and their aggregation on 
the MWCNTs. We performed XPS analyses for O-MWCNT, Au-
MWCNT, cav-Au-MWCNT and cavitand 4 samples. 
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Figure 49. Typical TEM image of Au-MWCNTs. 
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Figure 50. Typical TEM image of: a) cav-Au-MWCNTs and b) zoom-in of the 
selected area. 
In Figure 51a we show the XPS spectra acquired for (1) O2 
plasma treated MWCNTs, (2) gold decorated O-MWCNTs and (3-4) 
cav-Au-MWCNTs samples. The XPS spectra for the cavitand 4 alone 
(5) is included to assist in the identification of important features in 
the XPS spectra of cav-Au-MWCNTs samples differing in the time 
used for the construction of the SAM: 13h (3) and 24h (4). All 
samples contained the oxygen peak corresponding to O1s (Figure 
51a) due to the oxygen plasma treatment experienced by the 
MWCNTs. All Au-decorated samples showed the characteristic Au4d 
and Au4f doublets. The presence of the cavitand 4 on cav-Au-
MWCNT samples, and therefore, the success of the functionalization 
protocol, was confirmed by the observation of the N1s peak located at 
399 eV. This peak is diagnostic of the presence of organic nitrogen 
and appears only in the spectra of the cavitand and cav-Au-MWCNT 
samples (Figure 51b). We obtained similar values of relative atomic 
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concentrations ([N]=3% and 2% at. conc.) for the samples treated in 
the SAM process for 13 and 24 h, curves (3) and (4) respectively, 
indicating that 13 h are sufficient to fully functionalize the Au-
MWCNTs with cavitand 4. 
 
 
Figure 51. a) Survey spectra acquired for each step of the MWCNTs 
modification (1-4) and for the cavitand 4 (5). b) a zoom-in of N1s core level 
spectra are plotted as acquired from cavitand 4 (5) and cav-Au-MWCNT 
samples (3 and 4). 
The resistive sensor consist of a hybrid nanomaterial, which 
comprises both recognition and transducer elements, embedded in a 
standard electronic device. With a cavity depth in the order of 8.3 Å, 
a quinoxaline-bridged cavitand 4 can completely include one BTEX 
molecule and form a 1:1 host-guest complex mainly stabilized by π-π 
and CH-π interactions.[39] The Au-MWCNTs are selected as an 
integral part of the resistive sensor. They provide sites where the 
thioether groups of the cavitand 4 can be anchored. The oxygen 
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plasma treatment resulted in the presence of oxygenated defects on 
the outer wall of MWCNTs. Such defects help gripping, nucleating 
and stabilizing Au-NPs. Conversely, pristine carbon nanotubes shows 
very weak interactions with the Au-NPs by establishing interactions 
with the p-orbitals of the sp2 carbons of the network.[40] Theoretical 
studies have shown that Au atoms get trapped at VO2 defects 
(oxygenated vacancies), which are the most abundant in oxygen 
plasma treated MWCNTs compared to V2O2 defects (oxygenated di-
vacancies), with a binding energy that is 0.55 eV higher than the 
binding energy of Au decorated pristine MWCNT.[41] As already 
discussed in Chapter III, DFT calculations indicated that the presence 
of oxygen atoms at the functionalized site reduces the HOMO–
LUMO gap to 0.82 eV. This reduction can be explained by the higher 
density of states near the Fermi level, arising from the overlap of the 
2p electrons of the O atoms and the p electron system of the 
nanotube.[42] MWCNTs can either be metallic or semiconducting 
depending on the axial chirality of the individual shells and 
depending on the intershell interaction. A detailed description of their 
conductance is rather complex, but the main contribution to charge 
conduction near the Fermi energy level is given by the outer tube. 
Mats of MWCNTs, such as those employed in the present 
experiment, consist of a mixture of metallic and semiconducting 
tubes. Macroscopically, these mats behave as mild p-type 
semiconductors since their conductance increases or decreases upon 
adsorption of electron-accepting or donating molecules, 
respectively.[35, 41] Furthermore, according to DFT calculations, the 
decoration with Au-NPs slightly perturbs the band structure of 
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MWCNTs causing a small shift of the Fermi level energy toward 
lower energies, which is equivalent to a p-doping of the tubes (i.e. 
there is a small electronic charge transfer from the tube to the Au-
NP).[43] Finally, since the MWCNT mat consists of defective 
nanotubes,[44] its resistance is mostly influenced by the resistance of 
individual nanotubes and not by the inter-nanotube or the electrode-
nanotube junctions.[45] Upon formation of the host-guest complex, 
BTEXcavitand 4 (molecular recognition event), and by assuming 
the existence of a close proximity between the walls of the cavitand 4 
and the surface of the MWCNT, we are prone to speculate that the 
overall resistance of the MWCNT mat will be influenced (transducer 
function). 
 
5.2.3. Stability study of thioether-Au bond with 
temperature 
In order to establish a temperature limit in the use of the sensor, a 
study based on TGA (thermogravimetric analysis) was performed. To 
perform this analysis, a minimum of material amount (cavitand 
anchored on gold nanoparticle) is needed. Since, the experimental 
way to fabricate sensors do not allow us to cumulate enough material, 
an alternative way is proposed to synthesize gold nanoparticles via 
wet chemistry. Indeed, gold nanoparticles can be synthesized via 
reduction of a gold salt in chloroform.  Then they are functionalized 
by SAM with the cavitand via the same experimental process that was 
employed in the sensor fabrication. Finally, MWCNTs are added in 
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order to simulate the same hybrid material of the sensitive layer. 
More detail on the general synthesis can be found in Annex III.  
 
Figure 52.  TEM picture of gold growing of a) without cavitand and b) with 
cavitand 
The TEM pictures in Figure 52 clearly indicate the role of the 
cavitand as stabilizer of the gold nanoparticles by stopping the 
growing. Then, all the material in suspension is dropped in TGA vial 
and dried under vacuum. This operation is repeated until reaching a 
mass near 2 mg. The vial is introduced in the TGA analyzer and kept 
30 min at 60°C in order to evaporate humidity or/and residual 
solvent. Finally, the sample is warmed from 60°C to 500°C with a 
ramp of 1°C/min and an air flow of 50 mL/min as shown in 
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Figure 53. TGA analysis of the cavitand, MWCNTs and cav-Au-MWCNTs 
TGA (Thermogravimetric) analysis in Figure 53 revealed the thermal 
stability of the MWCNTs until 500°C with more of 95% of the initial 
mass. The cavitand is also thermally stable with a degradation 
reached at temperature of 380°C. Finally, for the cav-Au-MWCNTs, 
it is observed a loss of mass starting from 120°C in accordance with 
the literature with the break of the thioether-gold bond. 
 
5.3. Gas sensing properties 
5.3.1. High sensitivity to benzene 
Four cav-Au-MWCNT sensors and two Au-MWCNT sensors 
were employed for the study of the gas sensing capabilities according 
the first experimental setup presented in Chapter II. Au-MWCNT 
sensors were fabricated employing the same conditions to those used 
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for cav-Au-MWCNT sensors, but the last step (i.e. the 
functionalization with cavitand 4 via SAM) was performed just with 
pure chloroform to induce the aggregation of the Au-NPs to the same 
level. Each measurement was repeated at least three times. The 
typical response and recovery cycles of a cav-Au-MWCNT sensor 
towards increasing concentrations of benzene in dry air are shown in 
Figure 54a. The signal to noise ratio for the sensor response was 
high. The response and recovery cycles were recorded while the 
sensor was operated at room temperature and the sensing process was 
demonstrated to be reversible. During the recovery phase, pure dry air 
was flown resulting in full baseline resistance recovery. The 
measurement period lasted for about six months in which not 
significant changes in the baseline resistance nor in sensitivity were 
observed. In short, the sensor response is reversible and not affected 
by low-term drift. The typical calibration curves for the cav-Au-
MWCNT sensor exposed to benzene, toluene, o-xylene, ethanol and 
carbon monoxide are depicted in Figure 54b. This sensor showed 
significantly higher sensitivity to benzene than to the other tested 
pollutants. At 100 ppb level of benzene, the sensor is seven and thirty 
times more responsive than to toluene or o-xylene, respectively. 
Furthermore, the slope of the calibration curve (i.e. sensitivity) was 
calculated for the two lowest tested concentrations and was found to 
be much higher in the case of benzene (4.2 × 10-3 % ppb-1) than for 
toluene (1.1 × 10-4 % ppb-1) and o-xylene (3.3 × 10-5 % ppb-1). 
Therefore, the sensor should be able to detect with high sensitivity 
traces of benzene in the presence of toluene and/or o-xylene. The 
responses to ethanol and carbon monoxide were significantly lower. 
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In summary, the sensor is partially selective toward benzene and a 
possible strategy for further enhancing selectivity (beyond the scope 
of this paper) would be to use an array of sensors with different 
sensitive layers together with a pattern recognition engine.[46, 47] 
Taken together, these results demonstrated an unprecedented high 
sensitivity of the cav-Au-MWCNT sensor for benzene. The different 
species whose sensing is reported in Figure 54b are electron donors. 
The overall resistance of the cav-Au-MWCNT mat increased when 
exposed to any of these species. Macroscopically, this implies that 
our hybrid nanomaterial retains the p-type semiconductor observed 
for bare or Au-MWCNT mats. 
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Figure 54. a) A typical cav-Au-MWCNT sensor resistance response in function 
of benzene concentration in air; b) The relative sensor response for different 
gas contaminants. In all experiments, we employed a gas flow of 200 mL min-1. 
As often encountered in gas sensors, sensitivity and dynamics of 
response can be further enhanced by increasing the gas flow rate 
(Figure 55a). When the flow is increased, layer gradient that defines 
a profile of laminar flow attenuated in the boundary layer at the 
sensor surface. This allowed a better diffusion of benzene towards the 
sensing layer, and results in an increase of the concentration of the 
inclusion complexes BTEXcavitand 4 on the surface of MWCNTs 
mats and therefore a higher sensor response was observed.[48]  Up to 
2.5 ppb of benzene in air can easily be detected at 400 mL min-1 
(Figure 55b). To the best of our knowledge, this is the first system 
that can detect such a low level of benzene in the gas phase by 
employing a CNT-based material. 
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Figure 55. a) cav-Au-MWCNT sensor resistance response in function of 
benzene concentration in air at 400 mL min-1, and b) the relative sensor 
response for benzene at different gas flows. 
Even at very low benzene levels, the response of the sensor was 
highly reproducible (Figure 56). Thanks to the low levels of noise in 
the response signals, the theoretical LOD for the sensors was 
calculated to be 600 ppt, which corresponds to a sensor response 
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three times higher than the level of the noise.[49] The responses to 
benzene provided by the Au-MWCNT sensor were tested for 
comparison. The Au-MWCNT sensor was not responsive to benzene 
levels under 60 ppb in dry conditions. Even at this concentration (60 
ppb), the response was low. This observation is in good agreement 
with theoretical findings that predict a very weak binding energy and 
the lack of charge transfer between the benzene molecule and the Au-
MWCNTs system. These results supported the idea that cavitand 4, in 
junction with Au-NPs and MWCNTs, were necessary for the high 
sensitivity measured for benzene.  
 
Figure 56. The cav-Au-MWCNT sensor resistance response in function of two 
benzene concentrations (2.5 and 20 ppb) exposed to sensor in a random order. 
 
5.3.2. Gas sensing mechanism 
In Figure 57, we portray a simplified scheme of the plausible 
mechanisms for benzene sensing and recovery. We propose that the 
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interior of cavitand 4, anchored to the surface of cav-Au-MWCNT, is 
initially occupied by an air molecule (e.g. nitrogen). This status of the 
system is referred to as N2cav-Au-MWCNT. The inclusion of guest 
in the cavity of 4 is a dynamic process allowing a constant chemical 
exchange, between free and included air molecules. When the 
N2cav-Au-MWCNT system is exposed to air contaminated with 
benzene vapors, some of the cavitands bind a benzene molecule. 
Cavitand 4 shows higher affinity for benzene than nitrogen owing to 
the establishment of additional interactions (CH-π and π-π) between 
the benzene and the walls of the cavitand. In solution, the exchange 
process is referred to as “hostage-exchange mechanism” and occurs 
via significant conformation changes involving moving from the vase 
to the kite conformation of the cavitand, a process with an energy 
barrier of 11.6 kcal mol-1.[50-52] The kite conformation of the 
N2cav-Au-MWCNT allows an easy access of a guest molecule 
(benzene) to the shallow cavity of the cavitand and substitution of the 
previously bound guest molecule (N2).[51] Upon guest-exchange, the 
cavitand’s walls fold back to vase conformation producing a new 
host-guest inclusion complex (referred to as benzenecav-Au-
MWCNT). In this way, two inclusion complexes are present on the 
surface of cav-Au-MWCNT, one with an included nitrogen molecule 
and the other with a benzene molecule (Figure 57, marked with *).  
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Figure 57. Proposed benzene sensing and recovery mechanism. Benzene and 
nitrogen molecules are shown as CPK models. Hydrogen atoms are omitted for 
clarity. Notes: * - crucial structures in the sensing process.  
To explain the transduction mechanism we hypothesized two 
plausible types of communication between the cavitand and the 
MWCNT (Figure 58.). The first type of communication would 
involve gold mediation between the π-electron cloud(s) of the 
quinoxaline wall(s) from the cavitand and the π-electron clouds of 
MWCNT (referred to as π-Au-π communication). The second type of 
communication would exclude gold mediation and would occur 
between cavitand molecules located on the edge of Au-NPs whose 
quinoxaline wall(s) are in direct contact with the MWCNT surface 
allowing π-π stacking interaction (referred to as π-π communication). 
In both cases, the π-electron density of the quinoxaline walls of the 
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cavitand must be affected by the nature of the included guest 
molecule (benzene or air molecule). Upon inclusion of a benzene 
molecule, which also possesses delocalized π-electrons, additional π-
π interactions can be established between benzene and the cavitand 
wall. As a consequence, the -electron density of the cavitand walls is 
modified. This electron density changes are translated onto the π-
electron clouds of the MWCNT through a charge-transfer/electron-
transfer mechanisms. This results in hole depletion and decrease in 
the conductance of MWCNT, experimentally measured as an increase 
in sensor resistance. Conversely, the stream of pure air modifies the 
equilibria between benzenecav-Au-MWCNT and N2cav-Au-
MWCNT. The formation of the latter inclusion complex recovers the 
initial state of the sensor and therefore the baseline resistance of the 
sensor.  
 
Figure 58. Representation of two proposed types of communication between 
the cavitand 4 and the Au-MWCNT. Benzene molecules are presented as CPK 
models. Hydrogen atoms are omitted for clarity. 
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The lower response displayed by the sensor (reduced increase of 
resistance) towards the more electron-rich toluene and o-xylene 
molecules, which based on the sensing mechanism proposed above, 
must imply a reduction of the electron-donating capabilities of their 
inclusion complexes with the cavitand 4, is not clear to us. On the one 
hand, published binding experiments demonstrated that toluene and 
o-xylene, in fact, bind more strongly than benzene inside the cavitand 
4, both in the liquid and gas phase.[25, 39] On the other hand, the 
dipole moments of benzene, toluene and o-xylene are 0, 0.36 and 0.64 
D, respectively. We speculate that the lack of dipole moment 
exhibited by benzene could be somehow responsible of the different 
electron donating properties assigned to its host-guest complex 
(benzenecav-Au-MWCNT). Clearly, the verification of this 
hypothesis must await the results of further experimental and 
theoretical studies that are beyond the scope of the present work. 
 
5.3.3. Humidity effect 
The measurements of benzene were conducted under 10±1% to 
60±2% of relative humidity (corresponding to 2,630 and 15,980, 
respectively at 1 atm and 22°C). Sensor responses are shown in 
Figure 59. 
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Figure 59. a) cav-Au-MWCNT sensor resistance response as a function of 
benzene concentration in air at 200 mL min-1 with a R.H. of 25% in the 
background, and b) relative sensor response for benzene concentrations at 
different R.Hs. 
Ambient moisture plays an important role in the response of 
chemiresistors. [53] Therefore, a new set of measurements was 
performed in which trace concentrations of benzene, toluene or o-
xylene in a flow of dry synthetic air were humidified to 10%, 25% 
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and 60% of relative humidity (R.H.) Taking into account that the 
pressure was 1 atm and the temperature 22 ºC, the relative humidity 
tested corresponds to levels that ranged between 2,630 and 15,980 
ppm of water, i.e. 3 to 5 orders of magnitude higher than the 
concentrations of the aromatic VOCs present in the mixtures. The 
presence of moisture affected the sensitivity of the cavitand-Au-
MWCNT sensor toward VOCs. According to our results, the 
sensitivity of the sensor toward benzene (i.e. slope of the calibration 
curve) is 4.20 % ppm-1 under dry conditions and changed to 1.41 % 
ppm-1 @ 10% R.H., 0.48 % ppm-1 @ 25% R.H and 0.45 % ppm-1 @ 
60% R.H. Taken together, these results indicated that the presence of 
moisture affected significantly the limit of detection (LOD) of the 
sensor for benzene. While the benzene LOD remains below 20 ppb 
for R.H. up to 25%, it rises to about 50 ppb at 60% R.H. In case of 
toluene or o-xylene, the presence of moisture resulted in the cav-Au-
MWCNT sensor not displaying any measurable response for both 
aromatic VOCs up to at concentrations of 5,000 ppb (i.e., the partial 
selectivity is not destroyed by the presence of humidity). Two 
possible strategies can be exploited to overcome the loss in benzene 
sensitivity caused by ambient moisture. The first option would 
involve dehumidification by employing inexpensive filters containing 
polymers such as polyacrylate, polypyrrole or sodium polyacrylate 
salts, which selectively absorb polar compounds (i.e. water) from the 
input gas flow leaving non-polar compounds such as benzene 
unaffected. This strategy has been implemented in solid-phase micro-
extraction for quantitative gas or liquid chromatography analysis of 
environmental samples [54] or in hand-held photo-ionization gas.[55] 
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The second option would involve sensor redesign taking into 
consideration that the oxygen plasma treatment of MWCNTs used to 
generate defects at their surface for anchoring Au nanoparticles 
makes CNTs more hydrophilic. Even if the employed cavitand has a 
hydrophobic character, oxygenated defects present on the surface of 
carbon nanotubes can be responsible for sensor moisture cross-
sensitivity. Alternative methods for achieving Au decoration of CNT 
sidewalls have been reported, which accounts on the hydrophobic 
nature of pristine, non-defective CNTs [56] what could be taken into 
advantage for reducing effect of ambient moisture to the sensor’s 
response.[57]   
 
5.3.4. Case of NO2 
Nitrogen dioxide gas, belongs to the so-called NOx and is a toxic 
gas released from combustion facilities and automobiles.[58] Thus, it 
is present in atmosphere and its effect has to be studied on our 
sensors. The adsorption of NO2 was reported to occur either over Au-
NP or over oxygenated defects and exhibits strong response.[43, 59] 
The first-principle modelling of gas adsorption on Au-MWCNT 
revealed that NO2, a polar molecule with partial positive charge 
localized on the nitrogen atom and partial negative charge divided 
among oxygen atoms, is attracted to Au-NPs by its nitrogen atom. 
The computed binding energies and bond lengths showed that NO2 
strongly interacts with Au-NPs and that the molecule accepted a 
significant amount of electronic charge from the Au-MWCNT 
system. This hypothesis is consistent with the well-known electron 
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accepting nature of this molecule.[43] Quantum electron transport 
calculations revealed that the adsorption of a single NO2 molecule on 
the surface of the Au-NP resulted in a remarkable decrease of the 
Fermi energy level of the Au-MWCNT system.[43] This is consistent 
with the decrease in resistance that we observed for Au-MWCNT 
mats in the presence of NO2. 
The response of both cav-Au-MWCNT and Au-MWCNT sensors to 
different concentrations of NO2 was also studied. The calibration 
curve of NO2 detection for a cav-Au-MWCNT and Au-MWCNT 
sensors operated at room temperature. The simultaneous presence of 
benzene and nitrogen dioxide in the ambient would make difficult for 
a cav-Au-MWCNT sensor to correctly measure benzene 
concentration. This can be overcome by combining the responses of a 
cav-Au-MWCNT and a Au-MWCNT sensor array. 
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Figure 60. a) cav-Au-MWCNT sensor resistance response in function of NO2 
concentration in air; relative sensor response as a function of b) benzene vapor 
concentration and c) NO2 gas concentration for cav-Au-MWCNTs and Au-
MWCNTs sensors. 
Au-MWCNTs show no response to benzene for concentrations below 
or equal to 60 ppb. For benzene concentrations up to 200 ppb, Au-
MWCNTs show some response, but it remains more than ten times 
lower than that of cav-Au-MWCNTs. The response towards NO2 
displayed by cav-Au-MWCNT sensor is about two times lower than 
that exhibited by the Au-MWCNT sensor. However, NO2 cross-
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sensitivity of cavitand-functionalized sensors remains noticeable. The 
cav-Au-MWCNT may remain somewhat responsive to NO2 because 
this molecule can be adsorbed directly onto Au-NPs. However, the 
important decrease in the response toward NO2 observed for cav-Au-
MWCNTs in comparison to that of Au-MWCNTs indicated that the 
presence of the cavitand significantly reduced the affinity of Au-NPs 
to adsorb NO2 molecules. From a practical point of view, if the 
detection of benzene should be performed in an environment in which 
the presence of trace levels of nitrogen dioxide are likely, a detector 
comprised of two sensors, namely one cav-Au-MWCNT sensor and 
one Au-MWCNT sensor could be used for benzene level correction. 
 
5.4. Conclusion 
In conclusion, a simple technique for functionalizing the 
multiwall carbon nanotubes, in view of designing a gas sensor with a 
superior performance, has been introduced. A quinoxaline-walled 
thioether-legged cavitand 4 is attached onto oxygen plasma treated 
Au-NP decorated MWCNTs. The technique is suitable for the mass 
production of described hybrid sensing nanomaterial at low 
production costs, allowing cost-effective commercialization. The 
cavitand-functionalized MWCNT sensor shows unprecedented high 
sensitivity toward low levels of benzene in dry air at trace levels. The 
detection of 2.5 ppb is demonstrated experimentally and a theoretical 
LOD of 600 ppt was calculated. Furthermore, sensor response 
towards toluene and o-xylene is significantly lower, clearly showing 
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the strong response for benzene, what is the first example of such 
selective carbon nanotube based material. This was possible thanks to 
the molecular recognition introduced by quinoxaline-bridged cavitand 
4. The sensor shows significant cross-sensitivity to NO2, but this can 
be compensated by combining a cav-Au-MWCNT sensor with an Au-
MWCNT sensor, since the latter is more sensitive to NO2 and while 
insensitive to benzene levels below 60 ppb. The cav-Au-MWCNT 
sensor response toward aromatic VOCs diminishes as the relative 
humidity in the gas flow increases. It remains responsive to benzene 
traces in presence of humidity but it becomes insensitive to toluene or 
o-xylene in the same range of concentrations. Possibilities to avoid 
the effect of moisture could be the dehumidification of the gas flow 
by employing a inexpensive filter, or keep the hydrophobic character 
of MWCNTs by using an alternative route to the oxygen plasma 
treatment used to anchor gold nanoparticles.  Finally, it is worth 
mentioning that both the detection and the recovery of the baseline 
are performed at room temperature, which implies that these sensors 
can operate at very low power consumption. This makes the sensor 
suitable for being integrated in hand-held portable analysers, 
wearable detectors and semi-passive radio frequency identification 
tags with sensing capabilities or in the nodes of wireless sensor 
networks with a wide range of potential applications in environmental 
monitoring, workplace safety or medical devices, among others. 
These results have been published in [60]. 
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General conclusion 
 
In this thesis two types of gas sensors using CNT nanomaterials have 
been studied (i.e. resistive and resonant). First of all, the design and 
the fabrication of a new test chamber were envisaged, which allowed 
us to study the performance of the different fabricated sensors in the 
best conditions. The screen printing technique allowed a fast and low 
cost fabrication of the transducer devices, while air-brushing was the 
method employed for coating these transducers with the gas-sensitive 
CNT films. 
Oxygen plasma treated CNTs were first used as a reference sensitive 
layer and tested towards different toxic contaminants such as 
benzene, CO, NO2, ethanol, methanol and acetone. Their 
performances were compared in terms of sensitivity, reproducibility, 
and response and recovery time. The O-MWCNTs resistive based 
sensors with interdigitated electrodes on alumina substrates showed 
repeatable and reversible responses. A significant faster kinetic 
response together with the difficulty for fully recovering the baseline 
resistance at room temperature experienced with methanol, ethanol 
and acetone seems to suggest that, for these vapors, the main 
mechanism of interaction with carbon nanotubes is chemisorption. 
Conversely, slower response kinetics and fully recovery of the 
baseline suggest that benzene and toluene are physisorbed onto 
carbon nanotubes. 
The implementation of a double transduction on piezoelectric 
cantilever based sensors (i.e. monitoring both frequency shift and 
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resistance of the absorption layer) presents a real advantage compared 
to the simple transduction. Furthermore, it was shown that the 
changes in electrode geometry needed for implementing this double 
transduction in the new devices did not alter their piezoelectric 
properties for gas sensing application. The interest of the double 
transduction is shown first for the detection of CO. Resistance 
changes of O-MWCNTs films do not allow CO detection below 40 
ppm, whereas the signal of the resonance frequency shift is already 
significant at 5 ppm. Additionally, thanks to the sign of the shifts 
experienced by the resistance of O-MWCNTs films it is possible to 
discriminate an oxidizing from a reducing contaminant. Nevertheless, 
gas detection remains seriously affected by changes in the humidity 
background that completely alters measurements due to the high mass 
effect. 
Finally, the best improvement in terms of sensitivity and selectivity is 
shown with the functionalization of MWCNTs by gold nanoparticles 
and quinoxaline-walled thioether-legged cavitands. The simple 
technique used to functionalize them is suitable for the mass 
production of the described hybrid sensing nanomaterial at low 
production costs, allowing cost-effective commercialization. The 
cavitand-functionalized MWCNT sensors show unprecedented high 
sensitivity toward low levels of benzene in dry air at trace levels. The 
detection of 2.5 ppb is demonstrated experimentally and a theoretical 
LOD of 600 ppt was calculated. Furthermore, sensor response 
towards toluene and o-xylene is significantly lower, clearly showing 
the strong response for benzene, what is the first example of such 
inherent selectivity in a carbon nanotube based material. The 
UNIVERSITAT ROVIRA I VIRGILI 
FUNCTIONALIZED CARBON NANOTUBES FOR DETECTING TRACES OF BENZENE VAPOURS EMPLOYING 
SCREEN-PRINTED RESISTIVE AND RESONANT TRANSDUCERS 
Pierrick Clément
   153
nanomaterial remains responsive to benzene traces in the presence of 
humidity but it becomes insensitive to toluene or o-xylene in the same 
range of concentrations. 
 
Perspective: To avoid humidity effect of the cavitand-functionalized 
MWCNT sensor, it is possible to devise an alternative route to the 
oxygen plasma treatment used to anchor gold nanoparticles. Also, by 
varying the type of macromolecule grafted to carbon nanotube 
sidewalls, it should be possible to design other nanomaterials able to 
specifically interact to different target species keeping the molecular 
recognition strategy. 
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Annex I 
 
Body of the sensors chamber: 
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Sensors chamber cover: 
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Annex II 
 
Cavitand synthesis.  
All reagents and solvents were obtained from commercial suppliers 
and used without further purification unless otherwise stated. 1H NMR 
spectra were recorded on a Bruker Avance 400 or a Bruker Avance 500 
spectrometer. All deuterated solvents (Sigma-Aldrich) were used without 
any further purification. Chemical shifts are given in ppm and peaks were 
referenced relative to the solvent residual peak (δacetone = 2.04 ppm, 
δCDCl3 = 7.24 ppm). All NMR J values are given in Hz and are 
uncorrected. 
 
Figure II-1. Outcome of the four consecutive reactions employed to synthesize the 
deep-cavitand used to functionalize the Au-MWCNTs. 
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Cavitand 1: In 25 mL two-necked round bottomed flask resorcinol 
(2.000 g, 17.80 mmol) was dissolved in absolute ethanol  (15 ml) 
followed by addition of hydrochloric acid (37%, 6 mL, 72.50 mmol). 
Then, to vigorously stirred reaction mixture undec-10-enal (4 mL, 18.97 
mmol) was added drop-wise, and reaction mixture stirred at 60 °C for 24 
h. Obtained hot red oil was poured slowly into vigorously stirred water, 
precipitate was collected by filtration, washed with hot water till pH 7 and 
absence of characteristic aldehyde scent. Pale yellow solid of the cavitand 
1 was dried in vacuum for 24 h (3.842 g, 3.69 mmol, 83%). 1H NMR 
(500 MHz, acetone-d6): δ = 8.46 (s, 8H), 7.53 (s, 4H), 6.23 (s, 4H), 5.81 
(ddt, J = 17.0, 10.2, 6.7 Hz, 4H), 4.98 (ddt, J = 17.1, 2.3, 1.6 Hz, 4H), 
4.90 (ddt, J = 10.2, 2.3, 1.2 Hz, 4H), 4.30 (t, J = 7.9 Hz, 4H), 2.28 (q, J = 
7.8 Hz, 8H), 1.43 - 1.26 (m, 56H) ppm. MS (ESI, +): calcd for 
C68H96O8 + Na+ 1063.7003; found 1063.6991. 
Cavitand 2: Dried cavitand 1 (1.500 g, 1.44 mmol) was dissolved in 
anhydrous THF (15 mL) and cooled down to -25 °C. To this solution 
were added chlorotrimethylsilane (1.65 mL, 13.00 mmol) and 
triethylamine (3.00 mL, 21.52 mmol). Solution was left to warm up to 
room temperature and stirred overnight. Solvent was evacuated, residue 
suspended in hexanes and solid by product separated. Hexane was 
evacuated and product purified by flash chromatography over silica 
eluting product with a 8:2 mixture of methylene chloride and hexanes to 
afford a product as a pale yellow, low melting point solid (1.976 g, 1.22 
mmol, 85%). 1H NMR (400 MHz, chloroform-d): δ = 7.11 (s, 2H), 6.23 
(s, 2H), 6.13 (s, 2H), 5.95 (s, 2H), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 4H), 
4.95 (dq, J = 17.1, 1.6 Hz, 4H), 4.89 (ddt, J = 10.2, 2.2, 1.1 Hz, 4H), 4.37 
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- 4.31 (m, 4H), 1.99 (q, J = 6.8 Hz, 8H), 1.76 (s, 4H), 1.65 (s, 4H), 1.38 - 
1.07 (m, 52H), 0.33 (s, 40H), -0.05 (s, 32H) ppm.  
Cavitand 3: In 5 mL flask under the nitrogen atmosphere, dry 
cavitand 2 (390.4 mg, 241 μmol) was dissolved in THF (2.70 mL) and 
solution cooled down to -60 °C. Then, hexane solution of 9-
borabicyclo(3.3.1)nonane (BBN, 0.5 M, 1.95 mL, 975 μmol) was added 
and stirred till solution became pinkish. Then, decanethiol (1.95 mL, 8.85 
mmol) was added and reaction carried out at the room temperature for 
two days. Solvent was evacuated, crude material dissolved in methylene 
chloride (20 mL) and three times washed with water. Solution was dried 
over anhydrous sodium sulfate, solvent evacuated and obtained cavitand 3 
recrystallized from ethanol as a white solid. Compared to published 
procedure, TMS-protection fell off during reaction with (acidic) thiol (312 
mg, 194 μmol, 80%). 1H NMR (500 MHz, chloroform-d): δ = 9.59 (bs, 
4H), 9.31 (bs, 4H), 7.17 (bs, 4H), 6.09 (bs, 4H), 4.28 (bt, 4H), 2.47 (td, J 
= 7.6, 2.6 Hz, 16H), 2.19 (bm, 8H), 1.61 - 1.48 (m, 16H), 1.41 - 1.19 (m, 
112H), 0.86 (t, J = 7.0 Hz, 12H) ppm.  
Cavitand 4: In 25 mL Schlenk flask, dry cavitand 3 (500.0 mg, 288 
μmol), 2,3-dichloroquinoxaline (387.0 mg, 1.94 mmol) and cesium 
carbonate (688.0 mg, 2.02 mmol) were added, vessel kept on vacuum at 
60 °C for an hour followed by nitrogen purge. Anhydrous DMF (17 mL) 
was added and reaction carried at the room temperature overnight, 
followed by reaction at 60 °C for 2 days. Reaction mixture was poured 
into mixture of ice and water, pale-brown precipitate collected by 
filtration and washed with water. Solid product was extracted with 
methylene chloride, washed with water, dried over anhydrous sodium 
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sulfate and solvent evacuated. Obtained crude material was purified by 
flash chromatography on silica, using ethyl acetate in methylene chloride 
(2%, gradient 2 - 10%, 10%) to afford colorless flakes of the cavitand 4 
(412.4 mg, 184 μmol, 63.9%). 1H NMR (300 MHz, chloroform-d): δ = 
8.13 (s, 4H), 7.77 (dd, J = 6.4, 3.4 Hz, 8H), 7.45 (dd, J = 6.3, 3.5 Hz, 8H), 
7.18 (s, 4H), 5.55 (t, J = 7.9 Hz, 4H), 2.49 (t, J = 7.2 Hz, 16H), 2.33 - 
2.11 (m, 8H), 1.63 - 1.48 (m, 16H), 1.48 - 1.11 (m, 112H), 0.91 - 0.80 (m, 
12H) ppm. 
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Figure II-2. 1H NMR spectrum of cavitand 1. 
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Figure II-3. 1H NMR spectrum of cavitand 2. 
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Figure II-4. 1H NMR spectrum of cavitand 3. 
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Figure II-5. 1H NMR spectrum of cavitand 4. 
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Annex III 
 
Gold nanoparticle synthesis and SAM’s of cavitand. 
In 50 mL two-necked round bottomed flask, Gold(III) chloride trihydrate 
(8.5 mg) and cavitand 4 (28 mg, 0.5 mM) were dissolved in 20 mL of 
chloroform. The mixture was vigorously stirred during 30 min. Then, 
sodium borohydride (6 mg) dissolved in water (5 mL) cooled at 10°C was 
added drop-wise, and reaction stirred at room temperature. Characteristic 
red color appears due to gold nanoparticle growing (average size of 10-15 
nm). 
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